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1 Introduction
On one side there is the ongoing trend to reduce the dimensionality of materials in
the context of nanotechnology, driven by the keen aspiration to gain access to novel
and unique properties as well as advanced performance characteristics that emerge
in the transition to the nanoworld. The key aspect of nanotechnology is, that upon a
decrease in size to the nanoscale, certain properties of matter become size-dependent
which results in materials that exhibit quantum effects and are qualitatively different
from their bulk counterparts. Size-dependent properties include but are not limited
to: optical and magnetic properties, capillary forces, melting points, conductivity, ion-
ization potential and electron affinity, reactivity, surface and interfacial energy etc. On
the other side is the thriving pursuit to understand biological processes and systems,
living organisms and derivatives thereof, in order to utilize them for technological
applications in the applied part of biology commonly referred to as biotechnology.
At the interface resides nanobiotechnology, one, if not the main emerging field of re-
search in science and engineering of this century. Merging the fields of nano- and
biotechnology, nanobiotechnology deals with the investigation and utilization of the
newly conceived nanobiomaterials, as well as the construction of novel functional-
ized nano-bio-hybrid-systems. Among many others, essential parts of nanobiotech-
nology employ solid-supported architectures such as membrane assemblies. Taking
the multidisciplinary nature of nanobiotechnology into account, the study of such
nanobiointerfaces is more than just a study of how nanomaterials interact with bio-
logical systems, but on an advanced level, it also elucidates the interfacial inter-
actions between life sciences and nanoelectronics. By combining biomaterials like
DNA, proteins, biomembranes or entire cells with electronic systems new exciting
devices, sensors, and systems may be formed.1–4 The nanobio interface characterized
by its morphology and dynamics and governed by both extrinsic and intrinsic factors
comprises the dynamic interactions between nanomaterial surfaces, such as carbon
nanotubes, graphene, nanoparticles and biological components like DNA, proteins,
biomembranes and even cells. This interplay at the solid-liquid junction between
morphology and dynamics, both extrinsically and intrinsically influenced as illus-
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trated based on figure 1.1 is to be studied by the paradigm of membrane proteins and
biomembranes namely bacteriorhodopsin (BR) and purple membrane (PM).
Figure 1.1: Interplay characterizing biomembrane systems at the solid-liquid junction
Key questions of this investigation are:
• Immobilization of membrane proteins on surfaces remains a challenge in nano-
biotechnology because proper form and function is only retained in a near-
native lipid environment. What does the nanobio interface in terms of morphol-
ogy and dynamics of the extremely robust purple membrane under the extrinsic
constraints of the solid-liquid junction look like?
• Beyond their importance for many physiological processes, dynamical transi-
tions in biological membranes also bare implications for nanobiotechnology
applications. Do solid-supported purple membranes exhibit such dynamics?
What extrinsic and intrinsic factors constitute possible dynamic interactions and
or changes?
• In their native host both sides of purple membranes are in touch with an aque-
ous environment. Embedded bacteriorhodopsins therein are thus able to per-
form large-scale conformational changes over the course of the photocycle with-
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out restriction by a solid support. In contrast to the native cell a solid-support
represents a breaking of symmetry in terms of bending and is thus expected to
have a profound influence on purple membrane form and function. To what ex-
tend is transient or permanent bending of purple membrane influenced by the
extrinsic constraints imposed by a solid-support and what implications arise
from this confinement for technical applications? On a more fundamental level
the question arises if membrane curvature is coupled intrinsically to bacteri-
orhodopsin or governed extrinsically by the geometric constraints of the Halobac-
terium salinarum cell or in this case the substrate surface?
3
2 Purple Membrane from
Halobacterium Salinarum
Purple membrane from the halophilic organism Halobacterium salinarum featuring
the light-driven proton pump bacteriorhodopsin and lipids only is expressed by the
archaeon under anaerobic conditions to provide energy harvesting capabilities via
photosynthesis.5–8 Structurally, purple membrane belongs to the rare group of nat-
urally occurring 2D crystalline membrane proteins featuring a very high protein to
lipid mass ratio of 3 to 1 (molecule ratio 1 to 10). Within its native host the reti-
nal protein BR, which not only shares deep homologies with other retinal proteins
but also with G-protein coupled receptors (GPCRs), is arranged in trimers, which
form the crystalline lattice of p3 symmetry within the lipid bilayer. BR itself is one
of the few membrane proteins which have been analyzed both spectroscopically and
structurally in their native environment and represents a prototype of seven trans-
membrane α-helical proteins. The helical domains which are interlinked by loop seg-
ments protruding out of the membrane surface on both sides enclose a pocket where
the retinylidene chromophor is located. These loops are rather short and only in the
B-C loop on the extracellular side an antiparallel β-sheet maintained by cation bind-
ing is found. To complete the molecular picture of the protein’s secondary structure
retinal is bound to lysine 216 via a Schiff-base linkage. Figure 2.1 presents a graphical
summary.
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Figure 2.1: Halobacterium salinarum featuring Purple Membrane and Bacteriorhodopsin
Purple membrane patches feature unique properties as well as functional diversity
and apart from possible technical applications9 PMs provide an interesting model
system to study the aforementioned interplay as they combine and unite both bulk
and surface characteristics of membrane assemblies in one species. Within the crystal
lattice of purple membrane, BR exhibits an extreme stability,10,11 impervious to most
chemical and physical influences, surpassing all other membrane assemblies thus far.
The intactness of the distinctive hexagonal crystal lattice thus plays a unique role
as simple indicator for the functional integrity of BR and PM in view of the inter-
play between morphology and dynamics by extrinsic and intrinsic factors. Due to
its robustness a wide variety of extrinsic factors may be analyzed. Further, a vast
library of variants and intrinsic point mutations provides a diverse platform with
ample possibilities to study BR and PM behavior at the solid-liquid junction.
5
3 Atomic Force Microscopy
3.1 Introduction
Since its invention in 1986 by BINNIG et al.12 atomic force microscopy (AFM) has
played a crucial role in nano-scale science and technology.13 Its great applicability
especially in the fields of material and biosciences stems from its versatility, which
is based on the vast number of contrastive material properties – mechanical, electro-
magnetic and chemical – that can be analyzed and imaged by AFM. AFM is a micro-
scopic technique utilizing attractive and repulsive interaction forces at the atomic
level to image samples in-situ with sub-nanometer resolution both lateral and verti-
cal. For this a sharp nanostylus attached to the end of a flexible micro-cantilever is
scanned across the sample surface in a rastering fashion. To ensure three-dimensional
positioning with high accuracy, a piezoelectric scanner is used. Intermolecular forces
govern the properties of gases, the behavior of colloidal solutions, crystal growth and
biomolecular interactions. The cantilever probe functions as a force sensor and force
actuator for these intermolecular interactions capable of spatially resolving them on
the molecular level with piconewton (pN) sensitivity. Various methods which in-
clude tunneling current measurement,12 optical deflection technique,14 fiber inter-
ferometry15 and piezoresistive methods16 exist to measure resulting cantilever de-
flections at a resolution of a few angstroms, which are used to determine the surface
contour or various other sample properties. A sensitive feedback mechanism is ex-
ploited to minimize forces applied to both sample and stylus.
Due to their amphiphilic nature and because they usually only develop their full
activity in native environment the number of suitable methods for the biophysical
characterization of membrane proteins and their assemblies is quite limited. The
power of the AFM technique with respect to nanobiotechnology in general and this
work in particular relies on the possibility to operate not just in air but in aqueous
liquids or physiological buffers.17 A wide variety of biological samples, ranging from
single molecules such as nucleic acids and proteins to macromolecular assemblies
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and whole cells may thus be analyzed statically and at work in their native environ-
ment with the AFM today.18–28
AFM is predestined for the observation of purple membrane and variants thereof on
various substrates and under almost any desired conditions both in air and liquid to
study its surface structure with sub-nanometer resolution.29,30 This offers not only the
possibility of side-differentiation and study of morphology but also of tracking dy-
namical changes of and within PM. AFM and its related techniques briefly explained
in the following sections fully cover the scope of the investigation illustrated in figure
1.1.
3.2 Tapping Mode
Life is stressful, in a mechanical sense. Force plays a fundamental role in biological
processes and its importance transcends into the nanobiotechnological world. Bio-
molecular forces lie between a few piconewtons as generated by myosins in eukary-
otic motility processes and about 300 pN, the force required to unfold a protein mole-
cule.31–33 In order to prevent sample distortion deterioration or even destruction
imaging forces between the nanostylus and the sample must not exceed similar mag-
nitudes. In early contact mode AFM (CM-AFM) this was usually very difficult to
ensure and only the most robust biological samples among them purple membrane
could be investigated.29 Only the introduction of a new vibrating mode, first in air
by ZHONG et al.34 in 1993, then in liquid with the so-called tapping mode (TM-AFM)
a year later35,36 allowed to observe a variety of macromolecules, that can not be im-
aged with CM-AFM. Sample damage is minimized in this vibrating mode, as contact
time and lateral forces between the tip and sample are dramatically reduced. As
the oscillating tip is scanned over the sample surface the amplitude and phase near
its resonance frequency are monitored. Changes in either parameter arising from
tip-sample interactions can be used to deduce sample topography or various other
material properties. Appropriate adjustment of the driving frequency slightly above
or below the resonance frequency of the cantilever allows one to specifically tune tip-
sample interactions and thus measure from net attractive to net repulsive.37 TM-AFM
transformed the use of AFM in biology as it allows experiments to be performed not
just under physiological conditions but even in vivo and on the most delicate sam-
ples such as lipid bilayers and entire cells.38–40 To-date, high-resolution imaging of
mammalian,41 fungal42–44 and bacterial42,45 cells has been accomplished by the use of
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tapping mode atomic force microscopy. First TM-AFM images of purple membrane
were obtained in 1999 featuring similar resolution as CT-AFM.46 Superior sensitivity
combined with the high-resolution make TM-AFM ideally suited for the investiga-
tion of solid supported membrane assemblies, as it provides a tool to simultaneously
study morphology and dynamics of biological membranes at the nanoscale.
3.3 Single Molecule Force Spectroscopy
Biological motion and the inhibition thereof, both essential for all life, are governed
by forces arising from interactions on the molecular level. Single molecule force spec-
troscopy (SMFS)47,48 allows for force and displacement generated by single molecules
to be measured. From cells to proteins, a wide range of samples may be analyzed to
gain insights into the machinery of life. AFM can be much more than just a micro-
scope or an analyzing technique, it is also a nanotool capable of interacting with single
molecules, measuring forces between them locally49 or addressing and manipulating
them with molecular precision.31,50 SMFS is thus a direct derivative of AFM. Single-
molecule experiments performed via the AFM directly measure individual molecular
properties in contrast to averages obtained in bulk experiments. Consequently tran-
sient intermediates in biochemical processes can be captured and observed, which
otherwise may only be accomplished by synchronizing the actions of large ensem-
bles of molecules. Interestingly, a sufficiently long time-average or large number of
observations from a single molecule is equivalent to a standard population-averaged
snapshot of the molecular ensemble suggesting that a single-molecule experiment
contains all information thereof. However contradicting this might seem, it is com-
mon in biological systems.
In SMFS force is measured as a function of displacement. In a so-called force cycle
the nanostylus acting again as a force sensor or actuator is extended and retracted in
the vertical direction at a given location on the sample, pushing down on and pulling
back from the specimen of interest. As AFM is a rastering technique force cycles may
be acquired during regular scanning in Force-Volume (FV) mode. Over the course
of the force cycle, force is provided as cantilever deflection, while displacement is
given by the separation between the AFM tip and the sample surface. Virtually any
inter- as well as intramolecular interactions may be studied this way, keeping in mind
that chemical modification51 of tip and sample or the clamping52 of the later between
stylus and substrate via physisorption or covalent bonding might be necessary in
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order to obtain the desired data. It is also noteworthy that SMFS usually operates
under non-equilibrium conditions which implies that forces measured are a function
of pulling velocity, that is speed and direction.53 On the contrary this also means that
SMFS may be used to study dynamics, such as bond dissociation dynamics.54 SMFS
has been utilized to gain insights into molecular interactions such as DNA-peptide
or ligand-receptor binding,49,55 enzyme catalysis, the physiological function of cell
adhesion proteins,56 structure and mechanics of membrane proteins, mapping of the
dynamical energy landscape of proteins57,58 and protein folding, protein structure-
function relationship,59 antigen-antibody interactions,51 chemical bonds,60 drug dis-
covery, chirality61 and many more.
Pulling a single BR molecule out of purple membrane results in a characteristic force-
distance curve which reveals certain potential barriers within BR and consequently
PM providing insight into both structure and mechanical stability. These may be an-
alyzed by applying the worm-like-chain (WLC)62 model to correlate them with the
proteins amino acid sequence and secondary structural elements. Subjecting PMs to
single molecule force spectroscopy thus allows for inter- and intramolecular interac-
tions of BR and PM to be probed under various extrinsic and intrinsic influences to
provide information on their respective morphology and dynamics, especially when
coupled with the imaging capabilities of AFM.63,64
3.4 Electrostatic Force Microscopy
The high sensitivity and versatility of the AFM can be exploited in yet another way.
In Electrostatic Force Microscopy (EFM) the imaging of surface dielectric properties
is possible through the detection of electrostatic forces by the AFM tip. Initially de-
signed for potentiometry and capacitance measurements in air65 EFM soon evolved
to probe a wide variety of nano-structures,66–68,Publication E surface charges in solu-
tion,69 map charges in biological systems70 such as DNA71 and viruses72 and even
image the surface potential of active biomolecules.73,74 EFM is a two-pass interleaved
procedure, where sample topography is scanned via regular TM-AFM in the first
pass, while the surface’s potential is obtained in the second. Prior to the second
pass of every scan-line, where the topography recorded in the first pass is retraced,
the AFM tip is raised to a predefined lift-height. Wherever the potential of tip and
surface differ, the cantilever experiences a net force, which is nullified to create a
3-dimensional potential image when plotted versus the in-plane coordinates. With
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respect to purple membranes EFM may be used to differentiate between both sides
of PM, that is the extracellular and the cytoplasmic, but also to discriminate between
different variants of PM provided they feature a distinct surface charge such as the
Arg7 variant.
Table 3.1 links the presented and used AFM techniques to distinct issues associated
with the interplay to be studied.
TM-AFM SMFS EFM
Topography (molecular resolution) +(+a) –(–) +(–)
Orientation +a + +
Dynamics + +b +
a flat membranes only
b on molecular level only
Table 3.1: Summary of measurement main purpose of atomic force microscopy techniques in the
study of PM at the solid-liquid junction. A ’+’ denotes the technique is applicable, while a ’–’ denotes
that it is not.
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Despite being quite indifferent in solution and thin films, BR and PM exhibit a delicate
and interesting interplay of dynamical transitions and morphological changes at the
solid-liquid junction upon extrinsic as well as intrinsic stimuli.
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4.1 Dynamics of Bacteriorhodopsin A
When interfacing nanotechnology with biological systems in nanobiotechnology re-
tention of function is generally desired. Form and function are closely related in
that they are mutually dependent. Changes with respect to form or structure pro-
vide function and function necessitates structural dynamics. The immobilization of
membrane proteins and membrane assemblies on solid surfaces within the context
of nanobiotechnology remains a challenge. Interfacial destabilization is known for
proteins as well as for lipid bilayers.75,76 Proteins for example retain more structure
on electrostatically neutral hydrophilic surfaces than on charged or hydrophobic sur-
faces but are still thought to denature at the solid-liquid as well as the vapor-liquid
interface. Lipid bilayers may also undergo morphological changes at various inter-
faces. They tend to spread on surfaces with sufficiently high surface free energy or
fall victim to delaminatation at the liquid-vapor junction. Delamination occurs be-
cause it is energetically unfavorable to remove the hydrophilic head groups from the
solvation buffer. Consequently the membrane must reorganize to expose some of
its lipid chains to the nascent air-water interface, while the rest of the lipids become
part of newly formed vesicles in the receding aqueous solution. Proteins and lipid
bilayers compared to PM however feature only weak internal interactions ranging
from van-der-Waals forces to hydrogen bonding and are thus more susceptible to
morphological and dynamical changes. Lipid bilayers and on the same token pro-
teins may be stabilized by incorporating one into the other in order to overcome
current membrane pitfalls by mimicking real cell membranes more closely. One of
natures best paradigms being purple membrane which combines lipids and proteins
in a 2D-crystalline matrix of tremendous stability.10,11 Still, time-dependent TM-AFM
analysis of solid-supported purple membranes reveals that redistribution processes
take place between a crystalline core region, and a highly mobile rim region further
characterized by a height of 5.2 nm and 4 nm respectively. Further, smaller patches
in the mobile state change shape, move across the sample surface or fuse with other
structures over time, underlining their mobility. These observations of dynamical
transitions are astonishing as purple membrane is stabilized by some 6-7 kcal/mol as-
sociation energy between a trimer and the surrounding hexagonal crystal lattice and
should not undergo phase changes up to 70 °C at least in aqueous solution77 mak-
ing it an interesting and promising material for nanobiotechnology. Still even minute
forces can have a profound impact on structure and stability if applied just right.53
Substrate surface interactions must destabilize the crystal lattice and cause dynami-
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cal changes of BR with morphological consequences for the entire PM. The interplay
between the acting forces can be expressed by the following equations, which sig-
nify a stability criterion derived for purple membrane and its variants on an arbitrary
substrate.
EPM = EbR−bR + Elipid−lipid + EbR−lipid (4.1)
ES = EbR−substrate + Elipid−substrate (4.2)
As soon as the energy of PM-surface interactions exceeds the binding energy of the
crystal lattice, that is ES > EPM, BR and lipids occupy the more mobile state. Dry-
ing of solid-supported purple membranes results in partial delamination along the
outermost edge of the patches which features the mobile state. Between the unal-
tered crystalline core region and the delaminated edge a strongly fissured 4 nm do-
main prevails. Delamination and fissures indicate that the mobile state of PM is not
stabilized by any kind of two-dimensional order or strong stabilizing interactions.
This is further highlighted by the fact that no hexagonal crystal lattice is observed
for the mobile state. Additionally, the local electric field above the membrane step-
wise but continuously decreases according to EFM measurements from crystalline
core towards delaminated rim owing to the different structure and composition of
both PM states. Accompanied by these changes is of course a change in EPM. Since
EPM apparently decreases with increasing distance from the core region of PM it may
be further followed, that no crystalline domain can exist on any given substrate, once
PM size falls below a substrate characteristic critical size. Figure 4.1, a series of time-
dependent TM-AFM images, illustrates the disassembly of a small purple membrane
fragment manually released from the larger PM with the AFM nanostylus. The two-
dimensional crystal lattice is well-resolved for both large and small PM patches. Since
the small patch was rotated slightly against the larger one upon detachment two lat-
tices of different angular orientation contribute to the Fourier transform (Figure 4.1,b).
While the displaced PM fragment starts to disassemble because of its unfavorable
perimeter-to-area ratio and vanishes completely over the course of about 35 min, the
large PM undergoes a rearrangement of unit cells ubiquitous along the edge of the
crystalline region partially reincorporating BRs from the disassembling patch. This is
a perfect example of a two-dimensional variant of the well-known Ostwald ripening.
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Figure 4.1: Time-dependent TM-AFM images showing morphological changes of purple membrane
as a direct result of substrate induced BR dynamics. Image series shows PM redistribution processes
at approximately 5 min time intervals. Scale bars are 100 nm.
The aforementioned dynamics that PM exhibits can be attributed to a reversible mate-
rial exchange between both PM states and signify an equilibrium, which interestingly
is dependent on the substrate PM is adsorbed to. On muscovite (mica) for example
the more mobile state of PM is clearly favored over time. This of course has ex-
tensive implications not only because mica is a standard substrate for biomaterial
immobilization in microscopy but also for nanobiotechnology and the interfacing of
the physical and biological world in general as this usually takes place at a junction
very similar to the one under investigation here. Especially if long-term stability is
highly desired e.g. in thin-film devices utmost care must be taken when choosing
a suitable substrate. Possible PM surface interactions ES can be probed specifically
by varying substrate properties such as hydrophobicity, charge, surface free energy
and roughness in order to reveal key interactions and extrinsic factors to understand
and eventually control the present intertwined interplay. Analyzing the dynamics of
bacteriorhodopsin in solid-supported purple membranes on a plethora of substrates
ranging from polypeptide or lipid coated mica over HOPG1, to different metals in-
1highly oriented pyrolytic graphite
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cluding template stripped ones, all representing a broad range of surface free ener-
gies and varying ratio of dispersive and polar character, provided some clues but
not yet exhaustive answers. Depending on the substrate the interplay of dynamical
transitions and morphological changes of purple membrane is predominantly gov-
erned by either protein or lipid dynamics and interactions with the substrate, the
result in either case however is virtually the same: dramatic morphological changes
of PM. Only alleviating extrinsic stress discourages lipids from spreading and BR
from changing conformation which in turn helps purple membrane morphology to
prevail. Purple membrane shows the greatest stability, that is no dynamics even over
prolonged periods of time (days), on substrates with a well-balanced set of possible
interaction forces. In congruence with the proverb “less is more“ minimizing inter-
actions i.e. interfacing PM with less charged and less hydrophilic or hydrophobic
substrates with less surface free energy such as gold for example, reduces or even
prohibits dynamics. Maximizing ES logically facilitates dynamics and thus morpho-
logical changes. Surface roughness, however, must also be considered as it has a
known critical and profound influence on lipid mobility. Indeed on freshly oxidized
Si-wafers, which are structurally and energetically similar to cleaved mica PM does
not show any dynamics either. Freshly cleaved mica is atomically flat over microme-
ters by virtue of default providing a maximum of ES. The Si-wafers display a much
greater mean roughness (Ra,Si = 0.295 nm vs. Ra,mica = 0.021 nm) and since surface
roughness governs the number of possible contact points between purple membrane
and a substrate for van der Waals interactions etc. the respective ES for Si-wafers is
reduced.
Another noteworthy extrinsic factor is temperature. The rate constant of a reaction
generally increases with temperature, hence it is not surprising that an increase in
temperature significantly increases the speed of the redistribution process and the
observed dynamics. Apart from this however there are further implications for mor-
phology. The compactness of the protein-lipid packing within the crystalline lattice
of purple membrane is dependent upon temperature. At about 60 °C mobility of the
peptide groups of BR and their exposure to the external medium is at a maximum.78
The exposure of buried BR residues involves molecular rearrangements within the
membrane which leads to a more dynamic arrangement and a less densely packed
crystal lattice concurrently increasing ES and decreasing EPM. Temperature in a sense
acts like a catalyst. Also, the effects of temperature highlight the intricacy of the inter-
play between dynamics and morphology upon extrinsic influences and bridges over
to intrinsic factors and the crystallinity of purple membranes in terms of the structural
and conformational constitution of BR.
15
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4.2 Crystallinity of Purple Membranes B
Self-assembly and structural stability of membrane proteins inside the cell membrane
critically depends on specific protein-protein and protein-lipid interactions. BR con-
formational dynamics are expected to have a profound impact on these interactions
and the morphology of purple membrane. Various molecular determinants of PM
stability and crystalline assembly have been identified such as several key amino acid
residues and retinal covalently bound to lysine 216.7,79 Mutations in the core of BR
may also affect lattice assembly.80 These studies suggest, that PM morphology and
dynamics at the solid-liquid junction are also influenced and possibly tunable by such
intrinsic factors perhaps allowing for a reversal of the dynamical transitions described
in the last section from a non-crystalline mobile back to a crystalline membrane as-
sembly. Further, immanent factors of a more general nature that might be of interest
and need to be considered are of course pH and ion concentration as they sometimes
stabilize certain protein conformations. And indeed a single-point mutation in the
core of BR results in purple membranes, which undergo structural changes from a
non-crystalline state to a 2D-crystalline state, depending on the physicochemical con-
ditions, that are pH and salinity. In the variant D85T the primary proton acceptor
aspartic acid 85 is replaced by threonine, the equivalent residue in halorhodopsin,
converting BR-D85T into a chloride pump.81,82 Replacement of D85 not just by thre-
onine but any neutral residue X also changes the pKA values of virtually all amino
acid residues responsible for proton translocation, which has considerable effect on
the structural integrity of BR as it provides for greater structural flexibility, probably
similar to BR-WT in the observed mobile state. Structural intermediates of the BR
photocycle, that are formed in a light-dependent manner in the wild-type, are now
accessible by tuning the pH of the PM-D85T suspension (see Table 4.1, page 19). Es-
pecially acidic conditions are of interest as they favor chloride binding within the
membrane.82 At pH values below six BR-D85T assumes an O-like structural inter-
mediate which is characterized by an open extracellular half-channel. The opening
is facilitated by helices A,B,D and E tilting outward from the center of the ion chan-
nel. This increased structural flexibility exhibited by BR-D85T is very likely to have
a negative effect on the crystallization tendency since PM lattice assembly critically
depends on proper interactions between specific residues.7 However this structural
flexibility also provides for the creation of an anion binding site at acidic pH with a
high affinity for chloride ions in the immediate vicinity of the retinal binding pocket
according to spectroscopy and transport measurements82 as well as X-ray crystallo-
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graphy.83 Extrinsic and intrinsic influences on membrane morphology and dynam-
ics are thus intertwined. Anion binding at this specific site is accompanied by heli-
cal rearrangements, which lead to closure of the extracellular channel, concurrently
re-creating a wild-type-like configuration of BR-D85T within the purple membrane.
The structural changes within PM-D85T are interrelated with spectroscopic changes,
as PM-D85T has a purple appearance at pH < 6 in the presence of chloride.82 An in-
trinsically forced reduction in structural flexibility or dynamics leading to structural
stabilization of BR-D85T’s tertiary structure thus recovers the ability of PM-D85T to
from proper crystal contacts and subsequently restores a wild-type-like morphology
by reformation of a hexagonal crystal lattice. This phenomenon is further indica-
tive of the fact that purple membrane structure is apparently highly preserved in
nature. To emphasize this point, a study of purple membrane variant PM-Tri (PM-
D96G/F171C/F219L), which comprises permanently, not transiently wedge-shaped
BRs shows that the lipid content of PM-Tri is specifically altered during membrane
assembly to allow for a hexagonal crystalline PM-Tri lattice of flat topography84 to be
formed. The recrystallization process of PM-D85T was observed in situ for the first
time by TM-AFM (Figure 4.2).
Figure 4.2: TM-AFM analysis of PM-D85T crystallization at pH = 3.4 in 300 mM KCl on a silicon
wafer. Scale bars and color scales for a) through c) are 5 µm and 50 nm, 200 nm and 30 nm and 50 nm
and 10 nm respectively.
Figure 4.2, a) shows several bent PM-D85T patches adsorbed to a silicon wafer under
acidic and saline conditions. Taking a closer look (4.2, b)) reveals a small crystalline
domain forming near the rim of a convexly bent membrane with a height of 5 nm
compared to the non-crystalline surrounding area (4 nm) and a well resolved hexag-
onal crystal structure in the Fourier transform. Notably, the closely related halo-
rhodopsin in contrast forms orthogonal crystal patches of p4212 symmetry in the
membrane of an overproducing Halobacterium salinarum strain.85–87 The formation
of crystalline domains within the purple membrane upon substrate binding nicely
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ties in other recent topics in nanobiotechnology such as stimuli-dependent formation
of membrane microdomains, which plays a major role in signal transduction.88 Sim-
ilar to PM-WT the detected crystalline domains exhibit certain structural dynamics
and morph over time with respect to their shape and size (Figure 4.2, b), c)). Al-
though generally increasing in size domains with an edge length larger than about
200 nm could hardly be detected. Apparently, the crystal lattice of PM-D85T forms
less easily than the regular lattice of PM-WT and is therefore more prone to disrup-
tion by strong extrinsic sample-surface interactions, even on rough substrates like
silicon, where ES is reduced. This again is an example of the interplay between mor-
phology and dynamics of BR and PM governed by extrinsic and intrinsic factors alike
at the solid-liquid junction. Due to the geometric constraints of the cell, PM patches
are all bent within Halobacterium salinarum. When freely suspended in solution and
subsequently adsorbed to a solid-support however they prefer a rather flat topology.
Notably, PM-D85T patches in Figure 4.2 are all bent either convex or concave reveal-
ing that intrinsic factors not only influence dynamics but may also affect morphology.
4.3 Bending of Purple Membranes C,D
The analysis of membrane curvature and its mechanical coupling to specialized mem-
brane proteins that induce membrane bending due to their shape is a recent topic in
cell biology. Cell organelles like endoplasmatic reticulum, the Golgi apparatus, cave-
oli, and inner mitochondria membranes for example exhibit a strongly bent mem-
brane topography. In order to maintain membrane curvature particular proteins
which provide a scaffold for membrane bending are deployed. But how is membrane
bending perpetuated within commonly flat purple membranes at the solid-liquid
junction? Bacteriorhodopsin provides for a light-driven, vectorial proton transloca-
tion (transfer) via a sequence of isomerization states on the part of retinal (isomer-
ization) intertwined with a well-studied series of protonation changes of key amino
acids within both half channels and the Schiff-base linkage alike.89–91 These coin-
cide with certain transient conformational changes within the structure of BR con-
comitantly switching the Schiff-base accessibility (switch) to either the cytoplasmic
or extracellular half-channel.6,90,92,93 Table 4.1 briefly summarizes this relationship to
provide a concise overview of the so-called BR photocycle.
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state D96 SB D85 PRC CP SB conformation EC
B + + – + Closed all-trans Closeda
J + + – + Closed 13-cis-14-s-cis-15-anti twisted Closeda
K + + – + Closed 13-cis-14-s-cis-15-anti less twisted Closeda
L + + – + Closed 13-cis-14-s-cis-15-anti Closeda
M1 + – + + Closed 13-cis-14-s-cis-15-anti Closeda
M2 + – + + Open 13-cis-14-s-trans-15-anti Closeda
N – + + – Open 13-cis-14-s-trans-15-anti Closed
O + + + – Closed all-trans Open
a not explicitly referenced in literature
Table 4.1: Relationship between the protonation state of key amino acids in bacteriorhodopsin and
associated shape changes of the molecule over the course of the photocycle. Moieties considered are
aspartic acid 96 (D96), the Schiff-base linkage (SB), aspartic acid 85 (D85) and the proton release
complex (PRC) from the cytoplasmic (CP) to the extracellular (EC) side. Protonation and
deprotonation states are denoted by ’+’ and ’-’ respectively. SB accessibility from the CP or EC side is
illustrated by the blue and green background color of the SB conformation column featuring the
conformation of the retinylidene residue.
This isomerization/switch/transfer model provides a mean to describe the general
concept of ion translocation by halobacterial retinal proteins.89 Bacteriorhodopsin
variant D85T is no exception, and quite the contrary very interesting in this regard,
as it provides access to various structural intermediates of the BR photocycle simply
by tuning the pH of the PM-D85T suspension. Consequently PM-D85T allows for
intrinsic changes on the single BR level and their effect on morphology to be stud-
ied in thermal equilibrium. X-ray analysis shows large-scale conformational changes
mainly attributed to helices F and G during the opening of the cytoplasmic and ex-
tracellular half channels in the M and O intermediates of the BR photocycle respec-
tively,90,94–96 which result in a geometrical anisotropy and transiently wedge-shaped
BR molecules. Because of the strong coupling between BR trimers within the two-
dimensional crystalline lattice of PM, a sufficient supernumerary count of wedge-
shaped proteins as obtainable by titrating PM-D85T leads to a macroscopic bending
in solution shown by cryo-SEM.97 Such a microscopic mechanical change of mem-
branes in response to shape changes of molecules embedded therein is a perfect ex-
ample of how intrinsic factors may govern the morphology and dynamics of mem-
brane assemblies. AFM, EFM and single molecule force spectroscopy were employed
to gain insights into the bacteriorhodopsin photocycle represented by variant D85T
at different pH values in situ at the solid-liquid junction in order to elucidate the re-
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lationship between intrinsic changes of purple membrane on the BR level and the
consequent effects on morphology. Depending on the pH, BR-D85X variants exist in
an equilibrium of three spectroscopically distinguishable species.98 A predominantly
blue state at acidic pH, a preponderantly purple state at around neutral pH and a
predominantly yellow state at higher pH values. These three states of accumulation
in which BR-D85T may be trapped in are analogous to three distinct intermediates of
the BR-WT photocycle, namely the O, N and M2-intermediate, respectively.96,98 Fig-
ure 4.3 shows the first AFM images of the aforementioned photocycle intermediates,
including the first AFM images of strongly bent purple membranes.
Figure 4.3: pH-dependent bending of PM-D85T observed on mica via TM-AFM in liquid under
acidic, neutral and basic conditions (left to right). Due to the strong coupling between BR trimers an
intrinsically changed morphology on the single BR level results in macroscopic bending of the entire
PM under both acidic and basic conditions. In the N intermediate at neutral pH, where BR is not
wedge-shaped, PMs assume a flat topography.
Purple membranes feature a cytoplasmic and an extracellular side, naturally two dif-
ferent ways of membrane adsorption to solid supports exist. One should result in
convex, the other in concave structures. Interestingly only one strongly bent species
was observed on the substrate surface in form of dome-like structures irrespective
of acidic or alkaline conditions. Upon adsorption to a solid support a competing in-
terplay between intrinsic and extrinsic effects for membrane morphology emerges.
This interplay and the subsequent formation of collapsed and dome-like structures is
illustrated based on Figure 4.4. If the bent membranes approach the substrate with
their convex side attractive surface interactions arise, which antagonize the bending
and pull the membrane from the point of first contact i.e. the middle outwards onto
the substrate surface flattening it in the process. A small but elevated rim is all that
remains of these collapsed PMs to hint at their bent nature. On the contrary, if PM-
D85T are bent towards the surface not the middle but the rim approaches the surface
first. Once again attractive interactions arise, but this time the water between PM
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and the support is trapped preventing a further approach and collapse giving rise to
dome-like structures featuring a flat rim area.
Figure 4.4: Schematic illustration of the formation
of collapsed and dome-like purple membrane
structures. A) Strongly bent PM-D85T in acidic
and alkaline environment may approach the
substrate surface either apex or rim first, that is
with their convex (PM 1) or concave side
respectively (PM 2). B) Surface interactions arising
in both cases antagonize the bending and pull the
membranes onto the substrate surface (arrows). C)
Membranes of type PM 1 are pulled onto the
substrate surface from the apex outward resulting
in flat and collapsed structures, while in the case
of PM 2 the rim flatly adsorbs to the substrate, but
water trapped inside prevents further collapse
giving rise to dome-like structures.
Dome-like PM structures are surrounded
by buffer solution on both sides while
arching over the substrate surface and
are thus effectively ’freely suspended’
resembling their truly native occurrence,
the Halobacterium salinarum cell. At-
tempts to reach molecular resolution,
a standard technique to reliably dif-
ferentiate both sides of purple mem-
brane99 and possibly determine the di-
rection of bending, were rendered fu-
tile due to highly-curved topology and
even more so due to the great flexi-
bility of the effectively free spanning
membranes. Single molecule force spec-
troscopy at the apex of these struc-
tures, however, was successfully em-
ployed to experimentally discriminate
between both sides of strongly bent pur-
ple membranes in both acidic and alka-
line environment for the first time. Ac-
cording to these first force spectra ob-
tained PM-D85T in situ is bent cytoplas-
mic side out at high pH values repre-
senting the M2-intermediate, where an
outward tilt of helix F is linked to the
opening of the cytoplasmic half-channel.
Under acidic conditions bending is re-
versed in the later O-intermediate of the
BR-WT photocycle and PM-D85T is bent extracellular side out. The observed poten-
tial barriers combined with the knowledge of the tertiary structure of BR and conse-
quent morphology of PM further illustrate the connection between mechanical sta-
bility and the characteristic features of a protein sequence as well as their implication
on function in general.
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Based on the distinct surface charge of each membrane side, electrostatic force mi-
croscopy also allows for side discrimination. While being more facile to perform and
providing results more readily than SMFS, it must be kept in mind, that EFM is lim-
ited to the gaseous environment. Both purple membrane sides feature a negative but
distinct surface charge, which differs by about 20 mV.73 Contrary to the liquid envi-
ronment, purple membranes in air posses a less negatively charged cytoplasmic side,
while the extracellular side features a more negative electrostatic field distribution.
EFM measurements successfully and concordantly complemented SMFS investiga-
tions. Interestingly EFM also revealed, that during the drying process purple mem-
brane surface interactions are weakened and internal membrane tension responsible
for the strong bending prevails. This holds for PMs incubated in both acidic and al-
kaline environment. In both cases small membrane patches of the flat and collapsed
type partially detach from the surface and roll up inwards forming inverted dome-
like structures during the drying process. These structures feature an elevated rim
exhibiting a different surface charge than the still flatly adsorbed center, the differ-
ence being 20 mV. Concave membranes may thus feature both EC and CP side in
EFM measurements owing to their strongly bent nature.
A superposition of surface tension induced by the shape of individual BR molecules
and substrate interactions is responsible for the transformation of spherical PM
patches in solution into dome-like structures upon substrate adsorption. Surface in-
teraction forces scale dramatically with distance. Membrane topography at the apex
of very large purple membranes should thus primarily be governed by the character-
istic shape of individual BR molecules as the substrate surface and consequent inter-
actions become irrelevant at this point. Smaller membranes on the contrary should
be influenced more and more by substrate interactions down to a certain membrane
size, below which membrane topography is primarily governed and strongly affected
by the substrate. A detailed analysis of the curvature at the apex of bent purple
membranes discloses not only this cut-off size for both acidic (1.73 µm) and alkaline
(1 µm) conditions but also reveals a characteristic curvature, which is dependent on
the physicochemical conditions of the environment PM-D85T is present in. Under
alkaline conditions in the M2-photocycle intermediate PM-D85T has a characteristic
curvature of 1.17 µm-1. In acidic media in the corresponding O-photocycle interme-
diate PM-D85T is bent in the opposite direction featuring a characteristic curvature
of -0.25 µm-1. This implies that conformational changes associated with the open-
ing of the cytoplasmic half-channel in the M2-state are more extensive than changes
involved in the opening of the extracellular half-channel, providing further insights
into the structure function relationship of the bacteriorhodopsin proton pump.
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acidic neutral alkaline
photocycle
intermediate
bR morphology bent flat bent
cytoplasmic
side
extracellular
appearance on
substrate
characteristic
curvature -0.25 µm
-1 – 1.17 µm-1
cut-off-size 1.73 µm – 1 µm
Table 4.2: Comparison and contrast of the O, N and M2 photointermediate as represented by D85X
according to TM-AFM and SMFS.
Table 4.2 briefly summarizes the results obtained from TM-AFM and single molecule
force spectroscopy and compares and contrast the O, N and M intermediate as rep-
resented by D85X. Even more importantly though, because they lead to considerably
different membrane curvature, the two distinct bending modes of the M2 and the O
state demonstrate that solely the intrinsic shape changes of the embedded proteins are
responsible for the macroscopically bent nature of the membranes. Extrinsic effects
play only a secondary role in this case. Small intrinsic influences or changes can have
a profound influence on structure, form and also function of membrane assemblies
at the solid-liquid junction. This must not be detrimental in nanobiotechnology as
precise point-mutations might also be advantageously exploited in enhancing and
fine-tuning structure and function.
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5 Conclusion And Outlook
In dependence on the substrate bacteriorhodopsin within purple membrane at the
solid-liquid junction is prone to dynamical transitions which were observed for the
first time and found to be responsible for, in part, large scale morphological changes
of the adsorbed purple membrane patches. Extrinsic and intrinsic factors could be
identified to govern the interplay of morphology and dynamics, which lead to the
deduction of a general, substrate independent stability criterion applicable to pur-
ple membranes comprising BR-wild-type and variants alike. Surface free energy
and substrate roughness are key extrinsic parameters in this context that enable or
slow down dynamical transitions within solid-supported PMs. Conversion of BR
into a chloride pump by a single-point mutation seriously affects its crystallization
tendency and reveals how intrinsic factors figure into the observed interplay. Inter-
estingly, upon stabilization of the tertiary structure of BR-D85T, intrinsically mediated
by chloride binding in the retinal binding pocket, the ability of PM-D85T to form co-
herent crystalline domains can be restored. PM-D85T also allowed for purple mem-
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brane bending of various photocycle intermediates to be studied in thermal equilib-
rium at the solid-liquid junction. Side discrimination via SMFS and EFM showed
that PM-D85T is bent cytoplasmic side out in the M2 photointermediate and passes
through a flat topology in the N intermediate in order to bend extracellular side out
in the final O photointermediate. The different bending modes observed illustrate a
reoccurring motif in nature of how the form of BR follows its function which is that
of a vectorial proton pump transfering protons from the cytoplasmic to the extra-
cellular medium. Membrane curvature was further analyzed to reveal that smaller
membranes are strongly influenced by extrinsic constraints imposed by the substrate
surface. Larger membranes on the contrary retain a characteristic curvature which
is dependent on the physicochemical conditions and the corresponding shape of BR,
thereby demonstrating that solely the intrinsic shape changes of the embedded pro-
teins are responsible for the macroscopically bent nature of the membranes.
From a nanobiotechnology perspective, PM represents a supramolecular actuator set
in motion by intrinsic and extrinsic influences, which opens a wide field of possible
applications. One example would be as chemomechanical transducer, which upon
a pH-shift changes shape and thereby interacts with its environment. These interac-
tion capabilities place purple membrane in the context of other molecular machines
and supramolecular switches. The observed and tentatively tunable dynamical tran-
sitions and the ability to reversibly control PM crystallinity might allow for the prepa-
ration of larger artificial membranes, which might be used for data storage or photo-
voltaic applications or serve as template in the construction of novel nanobiomaterials
such as photonic crystals.
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6 Zusammenfassung
Im Rahmen dieser Arbeit konnte gezeigt werden, dass das an der fest-flüssig Grenz-
fläche adsorbierte und in der Purpurmembran eingebettete Bacteriorhodopsin in Ab-
hängigkeit von der Substratoberfläche zu einer mehr oder weniger stark ausgepräg-
ten Dynamik neigt. Dieser dynamische Wandel von BR wurde zum ersten Mal be-
obachtet, zeitaufgelöst untersucht und konnte schließlich für die teils gravierenden
morphologischen Veränderungen der an der Oberfläche adsorbierten Purpurmem-
branen verantwortlich gemacht werden. Diverse extrinsische sowie intrinsische Fak-
toren, die die Wechselbeziehung aus Dynamik und Morphologie bestimmen, konnten
identifiziert werden. Anhand dieser Erkenntnisse konnte ein allgemeines, vom Sub-
strat unabhängiges Stabilitätskriterium abgeleitet werden, welches sowohl für BR-
Wildtyp enthaltende als auch für die diversen Mutanten enthaltende Purpurmembra-
nen Gültigkeit besitzt. Die freie Oberflächenenergie, sowie die Sustratrauheit stellen
in diesem Zusammenhang extrinsische Schlüsselparameter dar, welche die Dynamik
gar erst erlauben oder diese innerhalb der substratgebundenen Purpurmembranen
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unterbinden. Eine gezielte Punktmutation (D85T) verwandelt BR nicht nur in eine
Chloridpumpe, sondern beeinflußt ebenfalls dramatisch das Kristallisationsverhal-
ten, was wiederum zeigt welchen Einfluß und was für eine Rolle intrinsische Fak-
toren im Rahmen der beobachteten Wechselbeziehung innehaben. Interessanterweise
konnte gezeigt werden, dass eine Stabilisierung der tertiären Struktur von BR-D85T,
die intrinsisch durch die Bindung von Chlorid innerhalb der Retinalbindungstasche
vermittelt wurde, die Fähigkeit von PM-D85T zur Ausbildung eines zusammenhän-
genden Kristallgitters wiederherstellt. PM-D85T ermöglichte außerdem die Krüm-
mung von Purpurmembranen in den unterschiedlichen Intermediaten des Photozyk-
lus im thermischen Gleichgewicht an der fest-flüssig Grenzfläche zu untersuchen.
Die Seitendifferenzierung via SMFS und EFM zeigte, dass PM-D85T im M2-Photo-
intermediat mit der zytoplasmatischen Seite nach außen gekrümmt ist. Im Gegen-
satz dazu ist sie, nachdem sie den durch eine flache Topographie gekennzeichneten
N-Zustand durchlaufen hat, im finalen O-Photointermediat mit der extrazellulären
Seite nach außen gekrümmt. Die unterschiedlichen beobachteten Krümmungsmodi
verdeutlichen ein sich in der Natur wiederhohlendes Konzept der Kopplung von
Form und Funktion, indem die Konformation von BR mit der Funktion als vekto-
rieller Protonenpumpe zum Transport von Protonen von der zytoplasmatischen zur
extrazellulären Seite eng verknüpft ist. Eine genauere Untersuchung der Krümmung
ergab, dass kleinere Membranen sehr stark von den extrinsischen Einschränkungen,
hervorgerufen durch die Wechselwirkung mit der Substratoberfläche, beeinflußt wer-
den. Größere Membranen hingegen bewahren eine charakteristische Krümmung, die
von den physikochemischen Bedingungen und der damit Verknüpften Form von BR
abhängen. Dies zeigt, dass einzig und allein die intrinsischen Formänderungen des
eingebetteten Proteins für die makroskopisch gekrümmte Natur der Membranen ver-
antwortlich ist.
Von einem nanobiotechnologischen Standpunkt aus betrachtet stellen Purpurmem-
branen einen supramolekularen Aktuator dar, der von sowohl intrinsischen, als auch
extrinsischen Einflüssen verändert und in Gang gebracht werden kann. Diese Tat-
sache eröffnet ein weites Feld für mögliche Anwendungen, z.B. als chemomechanisch-
er Wandler, der pH-Wert bedingt seine Form verändert und auf diese Weise mit
seiner direkten Umgebung interagieren kann. Diese Interaktionsmöglichkeit rückt
die Purpurmembranen in den Kontext anderer molekularer Maschinen und supra-
molekularer Schalter. Die beobachteten und tendenziel steuerbaren dynamischen
Eigenschaften von BR und PM an der fest-flüssig Grenzfläche kombiniert mit der
reversiblen Kontrolle über das PM Kristallisationsverhalten könnten die Erzeugung
von großflächigen, künstlichen Membranen ermöglichen. Diese sind von großem
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Interesse für die optische Datenspeicherung, Anwendungen im Bereich der Photo-
voltaik oder als Templat für die Darstellung neuartiger Nanobiomaterialien wie Pho-
tonischekristalle.
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Purple membrane (PM) from Halobacterium salinarum, which comprises bacteriorhodopsin (BR) and lipids
only, has been employed by many groups as a model system to study the structure and dynamics of membrane
proteins. Although the conformational dynamics of BR within PM has been extensively analyzed with
subnanometer resolution by means of diffraction experiments and spectroscopic methods, as well, structural
studies of dynamical transitions within single PMs are rare. In this work, we show that tapping-mode atomic
force microscopy (TM-AFM) is ideally suited to study dynamical transitions within solid-supported PMs at
the nanoscale. Time-dependent AFM analysis of solid-supported PMs shows that redistribution processes
take place between a crystalline core region, featuring a height of ∼5 nm, and a highly mobile rim region
(∼4 nm in height). Furthermore, we discuss the influence of temperature and substrate on the equilibrium.
The experiments are complemented by electrostatic force microscopy (EFM) of PM on mica. Beyond their
importance for many physiological processes, dynamical transitions in biological membranes, as observed in
this work, are of critical importance for all methods that make use of solid-supported membrane assemblies,
either analytical tools or applications.
Introduction
Within their native hosts, biological membranes show a high
degree of spatial and temporal organization.1-3 To understand
membrane-based processes such as endocytosis and signal
transduction, it is necessary to study the dynamical behavior of
the proteins and lipids that build up the corresponding mem-
branes. Several methods have been developed to investigate the
mobility of membrane components, among them fluorescence
recovery after photobleaching4 and single particle trapping
microscopy.5 Despite these efforts, it is still difficult to study
both the structure and dynamics of biological membranes at
the nanoscale. Beyond cell biological implications, the dynamic
properties of biomolecular assemblies, confined to a two-
dimensional environment, are of critical importance in methods
that employ solid-supported biomolecules, ranging from analyti-
cal methods, such as atomic force microscopy (AFM)6 and
surface plasmon resonance7 to applications such as functional
thin film assemblies.8 Maintaining functionality and structural
integrity of solid-supported biomolecules is an indispensable
prerequisite for the long-term stability of such systems as a
whole.
Purple membranes (PM) from Halobacterium salinarum are
naturally occurring two-dimensional crystals that comprise
bacteriorhodopsin (BR) and lipids only.9-11 Within its native
lipid environment, BR is astonishingly stable and therefore
serves as an ideal model system to study structure and dynamics
of protein-rich biological membranes at the nanoscale.
In former studies, AFM has provided fundamental insights
into the surface structure of solid-supported PMs at subnanom-
eter resolution.12-16
Although it has been known for a long time that above
∼70 °C, the crystalline assembly of PM is transformed to a
molten state,17 in which individual BR trimers can diffuse freely,
the dynamical behavior of BR in solid-supported PMs has only
recently been addressed by means of structural analysis.18
In this work, we use tapping-mode atomic force microscopy
(TM-AFM) as well as electrostatic force microscopy (EFM) to
study the dynamical behavior of BR molecules in PMs im-
mobilized on different substrates. We demonstrate that BR
trimers located at the rim of PM undergo dynamic transitions
that have not been observed in earlier studies but can be
visualized by tapping-mode atomic force microscopy. Our
experiments reveal that the dynamic properties of BR trimers
critically depend on the substrate chosen for the immobilization
of PMs. The measurements are complemented by EFM.
Materials and Methods
Materials. Purple membranes from H. salinarum containing
bacteriorhodopsin wild-type were a gift from Dieter Oesterhelt’s
lab at the Max-Planck-Institute of Biochemistry, Martinsried,
Germany. All PM preparations were freshly purified according
to standard procedures.19
Mica was purchased from Plano GmbH, Wetzlar, Germany
and freshly cleaved before sample preparation. Template-
stripped gold (TSG) substrates were prepared via vapor deposi-
tion techniques.20 Silicon wafers were a gift from Wacker
Chemistry AG, Germany (Si 1-0-0 type N, P-doped, H-terminated,
polished (625 ( 15 µm), resistivity 800-1600Ω cm-1) and were
treated by sulfuric/peroxide (piranha) solution prior to
usage.
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Sample Preparation. The purple membrane stock solutions
were diluted in a suspension buffer (150 mM KCl, 10 mM
Tris-HCl, pH 8.2) to a final absorbance (OD) between 0.2 and
0.3 at 570 nm. Five microliters of the PM suspension were
pipetted together with 50 µL of imaging buffer (300 mM KCl,
10 mM Tris-HCl, pH 7.8) onto 1 cm ×1 cm substrate pieces
of mica, TSG, or silicon wafer. After 30 min of incubation,
excess material was removed by extensive rinsing with imaging
buffer (10 × 20 µL). The samples were then mounted onto the
sample stage and were allowed to reach thermal equilibrium
(30 min) before analysis. For EFM measurements, samples were
carefully dried in air after rinsing and were measured im-
mediately once mounted onto the sample stage.
Temperature Jump Experiment. After measuring at room
temperature, the imaging buffer was exchanged with imaging
buffer preheated to a defined temperature. Once thermal
equilibrium was re-established, further images of the same
sample and area were taken.
Atomic Force Microscopy. AFM imaging was performed
in liquid (imaging buffer) on a Nanoscope IV system (Veeco,
Santa Barbara, CA). Pyramidal, oxide-sharpened Si3N4 tips
(k ) 0.08 N/m, f0 ) 24-44 kHz, which is reduced to ∼9 kHz
in liquid) attached to a V-shaped substrate (Olympus, Tokyo,
Japan) were used for imaging. All images were measured using
tapping-mode AFM with constant amplitude attenuation. The
cantilever approach was performed with a drive amplitude of
250 mV. To achieve high-resolution images, the drive amplitude
was lowered to about 50 mV, and the set point was adjusted to
minimal forces.
EFM measurements were conducted in air using SCM-PIT
tips (antimony (n) doped Si, k ) 1-5 N/m, f0 ) 70-83 kHz,
0.01-0.025 Ω/cm, Veeco, Santa Barbara, CA) utilizing the
Nanoscope’s LiftMode feature. This mode of surface potential
detection is a two-pass procedure in which the surface topog-
raphy is obtained by standard tapping mode in the first pass,
and the surface potential is measured on the second pass.
Between the first and second passes, the tip is moved to a
configurable lift height above the sample surface. On the second
pass, the tip is moved at a constant height, tracing the topography
that was recorded in the first pass. The two measurements are
thus interleaved, that is, they are each measured one line at a
time.
Results and Discussion
We observed that the rim region of PMs differs from the core
region with respect to structure and dynamics. Figure 1a shows
a height image of a single PM patch on mica as acquired by
TM-AFM in liquid at room temperature (please refer to the
Supporting Information for the respective AFM raw images
without false coloring). In comparison with the central region,
characterized by an average height of 5.2 nm, the PM is
surrounded by a rim region featuring a height of only ∼4 nm
(Figure 1, bottom). Several smaller patches next to the large
PM exhibit the same height of 4 nm as the rim. Most of these
change their shape or seem to fuse with other structures over
time, underlining their mobility.
Time-dependent TM-AFM analysis revealed the dynamic
nature of the PM rim region. Within 100 min at room
temperature, redistribution processes have taken place at the
interface between the core region of PM and the rim region
(Figure 1b), clearly discernible by the heights of 5.2 and 4 nm
respectively (Figure 1, bottom). Although the relative amount
of the two species changed in favor of the more dynamic 4 nm
species over the indicated time frame, the absolute amount of
PM remained virtually unchanged (Figure 1a,b). This indicates
that the dynamics observed are due to a reversible material
exchange between the two-dimensionally ordered core region
of PM and a highly mobile rim region.
Figure 1. Time-dependent dynamical transitions in purple membrane comparing and contrasting (a) freshly prepared PM, and (b) the same PM
after 100 min at room temperature. Dynamical transitions in the rim regions have occurred, and the membrane geometry has changed. Both TM-
AFM height images are shown in false color representation, where the different membrane heights are given in different colors. Green areas are
about 4 nm and blue areas about 6 nm in height. Red dots (about 11 nm) correspond to PM double layers. The white lines in the false color images
indicate the sections of which the height profiles (shown below) were taken. Scale bars are 500 nm.
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The speed of redistribution could be increased significantly
when the temperature of the buffer was increased to 60 °C,
which is still well below the reversible phase transition
temperature of 70 °C for PM suspended in solution17,21 but
coincides with the temperature at which the mobility of the
peptide groups of BR and their exposure to molecules of the
external medium is at a maximum.22 Figure 2b shows a TM-
AFM image of an extended PM patch acquired after a
temperature jump has been applied to the initial membrane
(Figure 2a). As highlighted by the false coloring chosen, the
geometry as well as the relative amount of PM regions with
heights of 5.2 and 4 nm has completely and, in this case,
irreversibly changed over the whole PM patch (Figure 2,
bottom). According to Shnyrov et al.21 the exposure of buried
BR residues is associated with an irreversible molecular
rearrangement of the membrane, leading to a less compact
protein-lipid packing within the crystalline lattice of PM. Such
a transition would alter the equilibrium between the 5.2 nm rigid
core and 4 nm mobile rim regions in favor of the more dynamic
4 nm species due to decreased intramembrane forces, EPM, which
is illustrated by the dramatic changes observed during the
temperature jump experiment.
The question arises, which interactions determine the stability
of PM on surfaces? Forces between BR and lipids within the
membrane stabilize the two-dimensional crystalline assembly,
as shown by the aforementioned experimental results. However,
both membrane components interact with the mica substrate,
as well. The interplay between these forces can be expressed
by the following equations, which signify a stability criterion
for PM not just on mica, but on any given substrate:
As soon as the energy of PM-surface interactions exceeds
the binding energy of the crystal lattice, that is, EPM < ES, BR
and lipids occupy a mobile state characterized by a reduced
height of ∼4 nm, as compared with the value of 5.2 nm for
crystalline PM. Obviously, the crystal energy EPM of BR
molecules and lipids decreases with increasing distance from
the core region of PM. From the stability criterion formulated
above, it can be followed further that no crystalline PM can
exist on a given surface once the PM size falls below a certain
critical size. On mica substrates, this size is estimated to be
<100 nm.
Figure 3 shows time-dependent TM-AFM images of PM on
mica, which reveal the disassembly of a small PM fragment,
manually released from the larger PM with the AFM tip. The
two-dimensional crystalline lattice is well-resolved for both PMs
(Figure. 3a, b). Two different lattices, which have slightly
different angular orientations, contribute to the Fourier transform
(Figure 3b, inset). The small PM patch is rotated a few degrees
against the orientation of the large PM patch. Because of the
unfavorable perimeter-to-area ratio, the displaced small PM
fragment (diameter ∼ 100 nm) starts to disassemble and
vanishes completely within a time period of <40 min (Figure
3b-f), thus resembling a two-dimensional variant of the well-
known Ostwald ripening. Furthermore, the TM-AFM images
demonstrate that rearrangement of unit cells is ubiquitous along
the edge of the large PM patch.
After ∼30 min of incubation time, the rim shape of the large
PM (Figure 3a) has completely changed (Figure 3f). Figure 4
summarizes the changes in area of both the small and large
membranes shown in Figure 3. Over the course of observation,
both PMs shrink continuously, while the area of the mobile rim
increases in size. If the progression of the surfaces is plotted
Figure 2. TM-AFM false color height images of (a) freshly prepared PMs and (b) 90 min after a pulse-type exposure to 60 °C imaging buffer.
Dynamical transitions have led to a large redistribution of 4 nm areas (green) and 6 nm areas (blue). The volume increase of 4 nm areas (green)
equals the volume loss of 6 and 11 nm areas (blue and red). Scale bars are 1 µm.
EPM ) EBR-BR + Elipid-lipid + EBR-lipid (1)
Es ) EBR-substrate + Elipid-substrate (2)
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relative to their initial size, the increasing speed of shrinkage
of the smaller membrane in comparison with the large one is
obvious (Figure 4, right). Between Figure 3e and f, the small
membrane finally vanishes, which gives rise to a small increase
in the large membranes size. A possible interpretation would
be the incorporation of the small membrane into the edge of
the large one. The dynamics of two-dimensional atomic islands
on surfaces has been investigated by other groups that employed
STM methods to analyze the mechanisms of Ostwald ripening
in a quantitative manner.23,24 Further investigations have to be
done to analyze the dynamics of biological assemblies such as
PM on surfaces in a similar way (e.g., time-dependent observa-
tion of PM dynamics at different temperatures).
Interestingly, dynamic processes within PM were not ob-
served when the mica substrate was exchanged for silicon wafers
or TSG. Figure 5a and b show PM patches immobilized on
silicon and gold, respectively. In contrast to images acquired
on mica, no differences are observed for the rim region and the
Figure 3. Time-dependent morphological changes of purple membrane on mica at room temperature. The changes are best observed by tracking
the displaced PM fragment of about 50-100 nm in size located in the upper left corner of the imaged PM. (b) Both PM patches are crystalline, as
may be seen from the Fourier transform (inset), but possess two different angular orientations. During the 33 min of observation (a, 0 min; b, 5:38
min; c, 11:15 min; d, 22:34 min; e, 28:18 min; and f, 33:48 min), the small displaced PM fragment completely disappears; only the much larger
PM patch remains. Scale bars are 100 nm.
Figure 4. Area changes of the large (blue squares) and small (red circles) purple membrane as well as the surrounding mobile rim (green triangles)
from Figure 3 (the data points correspond to Figure 3a-f; the lines are to guide the eye). Both membranes shrink continuously. Over the course
of observation of ∼34 min, the small membrane completely vanishes. The right graph shows the change in area relative to the initial areas: the
small membrane shrinks with an increasing speed. The increase in area in the last step of the large membrane could be interpreted as an incorporation
of the small one.
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Figure 5. Purple membrane on silicon and template stripped gold. (a) PM on silicon. The height of the PM appears to be ∼7.4 nm, which is a little
bit higher than on mica due to the greater surface roughness of the silicon wafer; however, molecular resolution is still obtained using tapping mode
AFM (inset). (b) PM on TSG. The height of the PM is ∼6.5 nm. The mobile rim region is absent on both substrates. Scale bars are 1 µm in panel
a and 500 nm in panel b.
Figure 6. Long-term stability of solid-supported PMs. Shown are PM patches on mica (a) and a silicon wafer (b) after 4 days. Due to strong
surface interactions on mica, all but a few PMs in the middle reside in a highly disordered, mobile state exhibiting a height of ∼4 nm. The increased
surface roughness of the silicon wafer, however, reduces possible membrane-substrate interactions. This effectively suppresses dynamic transitions
of the immobilized PM, and only a very small mobile rim region has formed over the 4 day period. Despite its rough appearance, the imaged
membrane is fully crystalline, as can be seen from the Fourier transform (inset) of the indicated (white arrow) part of the PM. Scale bars are 2 µm
in panel a and 1 µm in panel b.
Figure 7. Electrostatic force microscopy of PM on mica showing (a) the topography and (b) the respective surface potential. Both core and mobile
rim regions of PM in various states of delamination are distinguishable. Sections 1-3 compare and contrast the height and respective surface
potential of these different regions marked by the white lines in both images. Scale bars are 1 µm.
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core region of PM. We conclude that in the case of silicon and
gold, the crystal binding energy exceeds the energy of PM-
substrate interactions at all positions where PM is in contact
with the substrate. This also holds true over prolonged periods
of time.
On mica, the equilibrium of the reversible material exchange
between the two-dimensionally ordered core region of PM and
a highly mobile rim region is strongly shifted over time. Figure
6a shows that after 4 days, almost all PMs have changed their
morphology in favor of the 4 nm, more mobile state.
On silicon wafers or TSG, the opposite is the case, as shown
in Figure 6b. Substrate roughness is a key parameter that might
be of critical importance in that case. Although freshly cleaved
mica is atomically flat over micrometers by default (average
roughness: Ra ) 0.021 nm), the TSG substrates (average
roughness: Ra ) 0.169 nm) and silicon-wafers (average rough-
ness: Ra ) 0.295 nm) show height variations in the subnanom-
eter range. These fluctuations decrease the number of contact
points between PM and the substrate, thus lowering the van-
der-Waals forces between sample and support and, thus, ES.
The critical influence of substrate roughness on lipid mobility
is known from other experiments.25,26 We complemented our
TM-AFM experiments by EFM of PM on mica. PM patches
were analyzed in a two-pass interleaved procedure, where the
surface topography was obtained by standard TM-AFM first
and the surface potential of the sample was probed by EFM
utilizing Veeco’s LiftMode in the second pass.
Figure 7a center shows a TM-AFM image of a large PM on
mica, acquired in air. The core region (height ∼5 nm) is
surrounded by an extended rim region of ∼4 nm height, thus
resembling the results obtained with TM-AFM in buffer.
However, this 4 nm rim region features many fissures, and yet
another region of ∼2 nm height surrounding both core and
4 nm domains is clearly discernible. We believe that both the
fissures and the 2 nm layer are a direct result of the drying
process owing to the reduced EPM of the mobile phase with
respect to the core of PM. Unlike the core regions, which are
not altered during the drying procedure, the 4 nm highly mobile
rim region lacks any kind of two-dimensional order or strong,
stabilizing internal interactions. As a result, this lipid bilayer
will partially delaminate from the support once exposed to the
air/water interface27 leaving behind a fissured 4 nm bilayer as
well as a 2 nm lipid monolayer. Delamination occurs because
it is energetically unfavorable to remove the hydrophilic head
groups from the solvation buffer. Consequently, the 4 nm bilayer
reorganizes to expose some of its lipid chains to the nascent
air/water interface, while others form new vesicles within the
receding aqueous phase.
Congruously, the rim region is visible in the corresponding
EFM image (Figure 7b) featuring two different potentials for
the 2 and 4 nm domains. Although the 2 nm region bears almost
no charge, which is indicative of a lipid monolayer, the local
electric field above the 4 nm region is similar to but not the
same as the crystalline core of PM. Although an absolute
assessment of the electrostatic field distribution is not possible
in the setup used due to the insulating nature of the mica
substrate, relative estimations can still be performed with high
accuracy.28 This is underlined by the fact that even the two sides
of PM may be differentiated within the EFM images shown.
According to their surface charge, both sides of PM may be
attributed to either the less negatively charged cytoplasmic (CP)
or the more negatively charged extracellular side (EC).28 On
mica, the potential difference between both sides is ∼20 mV,28
which is in good agreement with our results. Membranes to the
left and in the center of Figure 7 are thus oriented such that
their EC side faces upward, and the PM on the far right features
the CP side up.
Conclusions
By means of time- and temperature-dependent TM-AFM, we
have found that solid-supported PMs are prone to dynamical
redistribution processes that occur predominantly in the rim
region of the membrane patches. Furthermore, we have dem-
onstrated that EFM is a valuable tool to analyze the nanoscale
organization of biological membranes, thus ideally complement-
ing topographic analysis by AFM. The structural integrity of
solid-supported PMs is maintained by a balance of forces that
act between the membrane constituents and between PM and
the substrate, as well. Our experiments reveal that substrate
roughness is a key parameter that enables or slows down
dynamical transitions within solid-supported PMs. We observed
that on a time scale of several days, the crystalline assembly of
PMs, immobilized on atomically smooth mica, is dissolved
completely in favor of a highly disordered state. In contrast to
this, dynamical transitions are not observed when PM is
immobilized on much rougher substrates such as silicon wafers
or gold. Beyond the biological aspect, our experiments are of
critical interest for all researches in the field of nanobiotech-
nology in which long-term stability of thin-film devices is highly
desired.
Supporting Information Available: AFM height images
without false coloring of Figures 1 and 2. This information is
available free of charge via the Internet at http://pubs.acs.org.
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Self-assembly of membrane proteins inside the cell membrane critically depends on specific protein-protein
and protein-lipid interactions. Purple membranes (PMs) from Halobacterium salinarum comprise wild-type
bacteriorhodopsin (BR) and lipids only and form a 2-D crystalline lattice of P3 symmetry in the cell membrane.
It is known that removal of the retinylidene residue as well as the exchange of selected amino acids lead to
a loss of crystallinity. In PMs comprising the BR variant D85T, we have observed a tunable tendency to
form crystalline domains, which depends on pH-value and chloride ion concentration. BR-D85T resembles
the function of the chloride pump halorhodopsin. The protonation state of amino acid residues within the
binding pocket and chloride binding in the vicinity of the protonated retinal Schiff base affect the overall
shape of BR-D85T molecules in the membrane, thereby changing their interactions and subsequently their
tendency to form crystalline areas. The combination of small-angle X-ray scattering, atomic force microscopy,
and freeze-fracture electron microscopy enables us to analyze the transitions statistically as well as on the
single membrane level. PM-D85T is a model system to study membrane protein association upon substrate
binding in a native environment. Furthermore, the ability to reversibly modulate the crystallinity of PMs
probably will be useful for the preparation of larger artificial crystalline arrays of BR and its variants.
Introduction
The light-driven proton pump bacteriorhodopsin (BR) is the
key protein of halobacterial photosynthesis.1-3 Within its native
host, BR forms 2-D crystalline patches, the so-called purple
membranes (PMs), from Halobacterium salinarum, which
comprise BR trimers and lipids only.2,4 BR is the prototype of
seven transmembrane helix proteins and shares deep homologies
with other microbial retinal proteins.5-11 High-resolution struc-
tural analysis of BR has revealed a detailed molecular picture
of light-dependent vectorial proton transport through the cell
membrane.12-17 Furthermore, PM is an excellent model system
to study the principles that are responsible for the assembly of
integral membrane protein complexes in their native environ-
ment.4 A variety of studies have been performed to elucidate
the molecular determinants of PM stability and crystalline
assembly. For example, analysis of genetically modified BR
variants has revealed several amino acid residues, which are
critical for lattice assembly.4,18 Furthermore, it has been shown
that mutations in the core of BR can affect lattice assembly as
well.19 The importance of retinal, covalently bound to lysine
216, for structural integrity of BR and PM lattice assembly has
been pointed out in another study.20
In this work, we demonstrate how a single-point mutation in
the core of BR results in PMs, which undergo structural changes
from a noncrystalline state to a 2D-crystalline state, depending
on the physicochemical conditions. In BR variant D85T, the
primary proton acceptor aspartic acid 85 is replaced by
threonine, the equivalent residue in halorhodopsin, which
converts BR into a chloride pump.21,22 By means of small-angle
X-ray scattering (SAXS), transmission electron microscopy
(TEM), and atomic force microscopy (AFM), we demonstrate
that PM-D85T, noncrystalline under most conditions, is con-
verted to a highly ordered hexagonal 2-D crystalline state as
soon as the physicochemical conditions favor chloride binding
of BR-D85T, i.e., pH values below pH 6 and high salinity. A
model is presented which explains the crystallization tendency
of PM-D85T in terms of conformational changes on the level
of single BR-D85T molecules.
Materials and Methods
Materials. PM wild-type (PM-WT), PM-D85T, PM-D96N,
and PM-D96G/F171C/F219L (PM-Tri) were freshly purified
according to standard procedures.23
Small-Angle X-Ray Scattering. Oriented PM multilayers
were prepared from PM suspended in distilled water or 0.1 M
NaCl. Depending on the conditions desired, the pH was adjusted
by phosphate buffer as well as dilute HCl. PM suspensions were
deposited on a thin plastic substrate and slowly dried overnight.
PM multilayers were analyzed with a SAXS apparatus compris-
ing a Phillips PW1830 X-ray generator and a KKK-type Kratky
camera (Anton Paar, Graz, Austria) with a sample detector
distance of 200 mm.
Electron Microscopy. PM-D85T suspensions were placed
between two small copper disks and plunged into liquid ethane.
Replicas were prepared in a Balzers BAF 400T freeze-fracture
unit at 3 × 10-7 mbar keeping the specimen stage at -130 °C.
Shadowing with Pt/C was performed at an angle of 45°,
followed by evaporation of pure carbon at 90° reinforcing the
heavy metal replica. Replicas were thawed, cleaned from organic
* Corresponding author. Phone: +49 6421 2825775. Fax: +49 6421
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material in chromosulfuric acid, and imaged with an EM208S
electron microscope (FEI, Hillsboro, USA).
Atomic Force Microscopy. Silicon wafers were a gift from
Wacker Chemistry AG, Germany (Si 1-0-0 type N, P doped,
H terminated, polished (625 ( 15 µm), resistivity 800-1600
Ω cm) and were treated by sulfuric/peroxide (piranha) solution
prior to usage. PM stock solutions were diluted in suspension
buffer (150 mM KCl, pH ) 3.4) to a final absorbance (OD)
between 0.2 and 0.3 at 570 nm. An amount of 5 µL of the PM
suspension was pipetted together with 50 µL of imaging buffer
(300 mM KCl, pH ) 3.4) onto 1 cm × 1 cm substrate pieces
of mica or silicon wafer, respectively. After 30 min of
incubation, excess material was removed by extensive rinsing
with imaging buffer (10 times 20 µL). The samples were then
mounted onto the sample stage and were allowed to reach
thermal equilibrium (30 min) before analysis. AFM imaging
was performed in liquid (imaging buffer) on a Nanoscope IV
system (Veeco, Santa Barbara, CA, USA). Pyramidal, oxide-
sharpened Si3N4 tips attached to a V-shaped substrate (Olympus,
Tokyo, Japan) were used for imaging. All images were measured
using tapping-mode AFM with constant amplitude attenuation.
The cantilever approach was performed with a drive amplitude
of 250 mV. To achieve high-resolution images, the drive
amplitude was lowered to about 50 mV, while the set point
was adjusted to minimal forces.
Molecular Modeling. Coordinates were obtained from pdb
entries 1QHJ (BR-WT), 1JV7 (BR-D85S, anion-free), and
1MGY (BR-D85S, bromide-bound). All models were built using
the program package Chimera.24
Results and Discussion
Structural Analysis of PM-D85T. We analyzed oriented
PM-D85T multilayers at various pH values by SAXS in
transmission geometry. In the absence of chloride ions PM-
D85T did not diffract at pH values above 6. As an example,
diffraction profiles of PM-D85T films, obtained from mem-
branes suspended in distilled water of neutral pH, as well as
PM-WT, PM-D96N, and PM-Tri as control samples, are shown
in Figure 1a. In contrast to the control samples, e.g., PM-WT,
which displayed characteristic reflections due to regular crystal-
line assembly, no reflections are visible in the case of PM-D85T
(Figure 1a, blue graph). This means that the diameter of the
coherent crystalline areas must be smaller than 5 unit cells,
which would be sufficient to produce an X-ray diffraction
pattern.19 We conclude that in the absence of chloride and at
about neutral pH value PM-D85T is in a noncrystalline state.
The situation changes as soon as PM-D85T is analyzed at acidic
pH values in the presence of NaCl. Figure 1c shows pH-
dependent X-ray diffraction profiles of oriented PM-D85T films.
Below pH ) 6, diffraction spots characteristic for regular PM
lattice assembly appear, which become sharper with decreasing
pH value (Figure 1c). The PM-D85T reflections resemble the
diffraction pattern of PM-WT, which has been analyzed under
the same conditions (Figure 1b). The structural changes within
PM-D85T are accompanied by spectroscopic changes. In the
absence of NaCl and at pH > 6, PM-D85T has a bluish
appearance. In the presence of chloride, PM-D85T has a purple
appearance at pH < 6, which has been observed earlier.22
Figure 1. Analysis of PM lattice assembly on dependence of BR variant, pH, and chloride. (a) SAXS profiles of oriented PM multilayers. Films
were obtained from PM variants suspended in distilled water. (b) Characteristic reflections due to regular crystalline lattice are visible in SAXS
profiles of PM-WT at all pH-values. (c) PM-D85T is crystalline in the presence of chloride and pH < 6 having the same lattice type and cell
dimensions as PM-WT. (d) Diffraction profiles of PM-D85T multilayers, obtained from suspensions of pH ) 2 with and without chloride ions. In
a chloride-free environment, PM-D85T is noncrystalline (blue graph). In the presence of chloride, PM-D85T forms a crystalline lattice (red graph),
which resembles PM-WT (black graph).
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We complemented SAXS analysis by freeze-fracture electron
microscopy of PM-D85T. While SAXS analysis provides
statistically substantiated diffraction data, transmission electron
microscopy (TEM) provides insight into the assembly of
individual patches of PM-D85T, which were analyzed in real
space as well as in Fourier space. Figure 2a1 shows a freeze-
fracture TEM image of PM-D85T, shock-frozen from slightly
alkaline chloride-free suspension (pH ) 8.1). No reflections are
visible in the Fourier transform (Figure 2a2). PM-D85T com-
prised crystalline patches when suspended in 1 M NaCl at pH
) 4. Figures 2b1, c1, and d1 show TEM images of freeze-
fractured membranes, which clearly reveal a hexagonal crystal
lattice in Fourier space (Figures 2b2, c2, and d2). Three different
types of membranes were observed. In one case, PM-D85T
comprised crystalline domains several 10 000 nm2 in size,
flanked by noncrystalline domains (Figure 2b1). Continuous
single-crystalline membranes were observed as well (Figure 2c1).
In other cases, membranes contained multiple crystalline
domains with different angular orientation (Figure 2d1).
In addition, we studied PM-D85T by means of tapping-mode
AFM in solution. We used silicon wafers as substrates for AFM
imaging, which are rougher than atomically smooth mica, thus
minimizing PM-substrate interactions.25 Figure 3 shows AFM
images of PM-D85T obtained in 300 mM KCl at pH ) 3.4. A
large membrane patch is visible, which includes a crystalline
domain (Figure 3b,c). The Fourier transform reveals the structure
factors of a hexagonal crystal lattice. A height difference of 1
Figure 4. Cross section 1 marked in Figure 3b. Along this section, a
height difference is observed between the crystalline domain (∼5 nm)
and the noncrystalline part of the membrane (∼4 nm).
Figure 2. Freeze-fracture TEM of PM-D85T. (a1) PM-D85T at pH ) 8.3 in the absence of chloride. (a2) Fourier transform of (a1). (b1) PM-D85T
at pH ) 4 in 1 M NaCl. A crystalline domain is visible in the top right part of the membrane. (b2) Fourier transform of (b1), which reveals spots
due to a hexagonal lattice. (c1) PM-D85T at pH ) 4 in 1 M NaCl. A single-crystalline membrane comprising a continuous hexagonal lattice is
shown. (c2) Fourier transform of (c1). (d1) PM-D85T at pH ) 4 in 1 M NaCl. A membrane patch is shown comprising two large crystalline domains
(marked 1 and 2) with different angular orientation. (d2) Fourier transform of (d1), which reveals spots of two lattices with different angular orientations.
Scale bars are 100 nm.
Figure 3. AFM analysis of PM-D85T at pH ) 3.4 in 300 mM KCl. (a) Patches of PM-D85T on silicon. The scale bar is 5 µm, and the color scale
is 50 nm. (b) Magnification of the boxed area in (a). The scale bar is 200 nm, and the color scale is 30 nm. A crystalline domain is visible. A section
(1) through the crystalline domain as well as the noncrystalline area is indicated. (c) Magnified view of the crystalline domain boxed in (b). The
scale bar is 50 nm, and the color scale is 10 nm.
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nm (Figure 4) is detectable between the crystalline domain (∼5
nm) and the noncrystalline surrounding area (∼4 nm), which
was observed in an earlier study.25 The detected crystalline
domains exhibit certain structural dynamics and change in size
over time (Figure 3b,c). Although generally increasing in size,
we could hardly detect any domains with an edge length larger
than ∼200 nm. Apparently, the crystal lattice of PM-D85T forms
less easily than the regular lattice of PM-WT and is therefore
more prone to disruption by strong sample-surface interactions
than PM-WT, even on rough substrates like silicon.
Model for Chloride-Mediated Crystallization of BR-D85T.
Replacement of D85 in BR by threonine changes the pKa values
of virtually all amino acid residues responsible for proton
translocation,22,26-28 which has considerable effect on the
structural integrity of BR. In BR-D85X (X ) neutral amino
acid), structural intermediates of the BR photocycle, which are
formed in a light-dependent manner in PM-WT, are accessible
by simply changing the pH of the suspension.22,28,29 For example,
BR-D85X mutants accumulate the M2-state at alkaline pH
comprising cytoplasmatically open BRs,29 which affects mem-
brane topology and lattice assembly due to wedge-shaped
BRs.30-32 A structural model of PM-D85S, a homologue of PM-
D85T, has been obtained by X-ray crystallography,33 which
demonstrates that an O-like structural intermediate is formed
at acidic pH values. Figure 5a highlights the differences between
PM-D85S and PM-WT. The most extensive deviations occur
on the extracellular side of BR. Helices A, B, D, and E tilt
outward, which results in opening of the extracellular half-
channel of BR-D85S (Figure 5a,b), thus leading to wedge-
shaped BR molecules as well. It is very likely that the increased
structural flexibility of BR-D85T negatively affects its crystal-
lization tendency since PM lattice assembly depends critically
on proper interactions between specific residues.4 It has been
shown by spectroscopy and transport measurements that an
anion binding site is created in BR-D85T at pH < 7, which has
a high affinity to chloride ions.22 According to an X-ray structure
of BR-D85S,34 the anion is tightly bound in the retinal binding
pocket as sketched in Figure 5f. It was demonstrated that anion
binding by BR-D85S is accompanied by helical movements,
which lead to closure of the extracellular channel, thus creating
a wild-type-like structure.34 Figures 5c and d illustrate the
differences between anion-free and anion-bound BR-D85S.
Anion binding at acidic pH values (Figure 5f) leads to wild-
type-like BR molecules with reduced flexibility. Our experi-
ments demonstrate that upon structural stabilization BR-D85T
recovers its ability to form proper crystal contacts and subse-
quently forms a hexagonal lattice (Figure 5e,g).
Conclusions
By means of structural analysis via SAXS, TEM, and AFM,
we have demonstrated that conversion of BR into a chloride
pump by a single-point mutation seriously affects its crystal-
lization tendency. PM-D85T forms coherent crystalline domains
as soon as the tertiary structure of BR-D85T is stabilized by
binding of chloride ions in the retinal binding pocket. In contrast
to halorhodopsin, which has been shown to form orthogonal
crystal patches with p4212 symmetry in the membrane of an
overproducing Halobacterium salinarum strain,35-37 the chloride
pump BR-D85T forms hexagonal crystals with wild-type-like
p3 symmetry. The formation of crystalline membrane domains
upon substrate binding, as observed in this work, is closely
related to other recent topics of membrane biophysics, i.e.,
stimuli-dependent formation of membrane microdomains, which
plays a major role in signal transduction.38
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Figure 5. Model for chloride-mediated crystallization of PM-D85T. (a) Structural differences between PM-WT (yellow) and anion-free PM-D85S
(blue). (b) Top view of (a), seen from the extracellular side. (c) Structural changes in BR-D85S (blue) upon anion binding (purple). Bromide is
shown as a green sphere. Helical movements are indicated by white arrows. (d) Top view of (c), seen from the extracellular side. (e) Noncrystalline
assembly of PM-D85T before anion binding. (f) Anion-binding site of BR-D85S as resolved in X-ray structure 1MGY. (g) Crystallization of
PM-D85T upon chloride binding.
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The first AFM images of strongly bent purple membranes as well as the first single molecule force
spectra of bacteriorhodopsins embedded therein are presented. AFM images of purple membranes
to date always showed a flat membrane topology. Bacteriorhodopsin variants like BR-D85N and
BR-D85T resemble an intermediate state of wild-type BR which is slightly ‘wedge’-shaped. Due to
the strong interaction within the 2-D crystalline lattice of the purple membrane, the geometrical
anisotropy of the individual bacteriorhodopsins adds up to a macroscopic change in the geometry
of the purple membranes. Instead of being flat they appear like domes at physiological conditions.
Single molecule force spectroscopy was employed to determine the absolute sign of the membrane
curvature. As the bacteriorhodopsins in the center of the dome-like purple membranes are not
supported by any solid state substrate, the presented force spectra are the first of non-supported
bacteriorhodopsin, resembling the natural occurrence in the halobacterial cell.
Introduction
Purple membranes (PM) consist of the membrane protein
bacteriorhodopsin (BR) packed in a hexagonally 2D-crystalline
lattice and lipids only.1,2 The protein’s secondary structure
comprises seven transmembrane a-helical domains, interlinked
by loop segments, which enclose a pocket where the retinylidene
chromophore is located. Specifically, the chromophore is
bound to Lys-216 via a Schiff-base linkage. Upon irradiation
with e.g. green light BR passes through a well studied
photocycle.3–6 Each pass results in the transport of a proton
from the cytoplasmic (CP) to the extracellular (EC) side of the
membrane. The proton transport is intimately linked to a
well-studied series of protonation changes of several key
amino acids inside the extracellular and cytoplasmic half
channels as well as the Schiff-base linkage.7,8
In 1987 Czege and Rheinisch studied PM through light
scattering experiments and postulated a light-induced bending
of the PM in solution.9 The reason for this finding was unclear,
however an asymmetric charge distribution due to the light-
induced proton transport was assumed to be the cause of the
bending. Several years ago Porschke used electro-optical
techniques to reexamine this phenomenon10 and concluded,
considering high-resolution 3D-structures of BR7 which had
become available in the meantime, that conformational
changes within the BR structure must be responsible for the
bending of the PM as a whole. Recently we have proven the
light- and pH-induced bending of PM making it visible by
cryo-scanning electron microscopy.11 Utilizing AFM techniques
we are now able to directly observe bent purple membranes in
solution at physiological conditions. For this purpose BR
variants of the BR-D85X-type, in particular BR-D85T and
BR-D85N were used. In order to differentiate between the two
sides of purple membranes, the cytoplasmic and the extra-
cellular side, we used force spectroscopy and were able to
determine the bending direction experimentally, which had not
been possible in the aforementioned studies. The BRs in the
bent PMs are not in contact with any solid surface, but only in
contact with buffer on both sides. This resembles the situation
in the halobacterial cell. So we present here the first images
and force spectra of non-supported BRs.
Bacteriorhodospin and its shape changes during proton transport
If BR is irradiated with light, the all-trans retinylidene group is
isomerized to the twisted 13-cis, 14-s-cis, 15-anti conformation
(Fig. 1).8,12 This energy uptake leads, over several intermediates,
to the deprotonation of the Schiff-base in the M1-state of the
Fig. 1 Bacteriorhodopsin photocycle highlighting the three inter-
mediates, which variant BR-D85N accumulates in, in dependence on
the pH13 and the postulated associated shape changes of the protein.14
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photocycle. During the essentially irreversible transition fromM1
to M2,
15 which is accompanied by a conformational change of
the retinylidene residue from 13-cis, 14-s-cis, 15-anti to 13-cis,
14-s-trans, 15-anti, the cytoplasmic half-channel of BR is opened
in order for the Schiff-base to be reprotonated in the N-state
(Table 1). The opening of the CP half-channel alters the BR
morphology to become wedge-shaped7,16,17 (Fig. 2). Because
of the strong coupling between the BR trimers in the two-
dimensional crystalline lattice of the PMs, a sufficient super-
numerary count of wedge-shaped proteins within the PM leads
to a macroscopic bending at physiological conditions.
In order to observe such bending of PM-sheets, however, an
accumulation of the M2-state is a prerequisite. Membranes
containing the BR variant BR-D96N, which has a prolonged
lifetime of the M2-state
18 and for this reason is a key variant
for potential technical applications,19–21 have thus been found
to exhibit the proposed bending if irradiated with light.11
However, as BR-D96N is not trapped in the M2-state but still
exhibits the entire photocycle, the accumulation occurs
under non-equilibrium conditions resulting more in a macro-
scopic crumbling rather than a well defined bending of the
membranes.11
Depending on the pH, the BR-D85N and BR-D85T
variants exist in an equilibrium of three spectroscopically
distinguishable species (see Fig. 1). A predominantly blue state
at pH values lower than 8, a predominantly purple state in the
range of pH 8–9 and a predominantly yellow state at higher
pH-values.13 These three different states of accumulation are
assumed to be analogues to three distinct intermediates
of the BR-WT photocycle, namely the O, the N and the
M2-intermediate, respectively.
13,22 A summary of the properties
of the photocycle intermediates shown in Fig. 1 is given in
Table 1. High resolution crystal structures of the variant
BR-D85N at alkaline pH indeed revealed a tertiary structure
which indicates an open cytoplasmic half-channel, as is
expected for the M2-state.
22,25 The freely suspended variant
BR-D85T at alkaline pH has been imaged by cryo-SEM11
exhibiting the postulated outward tilt of helix F and the resulting
strong bending of the purple membrane (see Fig. 2). Because
such alkaline-mediated deprotonation of the Schiff-base triggers
the same conformational changes responsible for PM bending in
the M2-state the chosen BR-D85 variants BR-D85N and
BR-D85T allow for the bending of purple membranes to be
observed in thermal equilibrium. We thus investigated both
BR-D85T and BR-D85N at alkaline pH using atomic force
microscopy and single molecule force spectroscopy.
Materials and methods
Materials
Purple membranes from Halobacterium salinarum containing
bacteriorhodopsin wild-type (BR-WT) and variants BR-D85N
and BR-D85T were a gift from Dieter Oesterhelt’s group at
the Max-Planck Institute of Biochemistry, Martinsried,
Germany. All purple membrane samples used were freshly
prepared according to standard procedures26 and finally
purified by sucrose density gradient centrifugation.
Mica was purchased from Plano GmbH Wetzlar, Germany
and freshly cleaved before sample preparation.
Sample preparation
Purple membrane stock solutions were diluted in a 150 mM
KCl, 10 mM Tris-HCl, pH 8.2 buffer to a final absorbance
Table 1 Relation between the protonation state of key amino acids in
bacteriorhodopsin and shape changes of the molecule.3,4,12,22,23 From
the cytoplasmic (CP) side to the extracellular (EC) side the moieties
considered are aspartic acid 96 (D96), the Schiff-base linkage (SB),
aspartic acid 85 (D85) and the proton release complex (PRC).
Protonation is denoted by a ‘+’, while deprotonation by a ‘’. The
related opening and closing of the cytoplasmic and extracellular
half-channels are noted. The SB column also features the conformation
of the retinylidene residue within the proton channel at the given
intermediate
CP D96 SB D85 PRC EC
B Closed + + all-transa — +
J Closed + + 13-cisa — +
14-s-cis
15-anti twisteda
K Closed + + 13-cisa — +
14-s-cisa
15-anti less twisteda
L Closed + + 13-cisa — +
14-s-cisa
15-antia
M1 Closed + — 13-cis + +
14-s-cisa
15-antia
M2 Open + — 13-cis
b + +
14-s-transb
15-antib
N Open — + 13-cisb + — Closed
14-s-transb
15-antib
O Closed + + all-transa + — Open
a Accessibility of the Schiff-base from the extracellular side.
b Accessibility of the Schiff-base from the cytoplasmic side.
Fig. 2 Shape changes of bacteriorhodopsin. The outward tilt of helix
F in the direction of the red arrow is linked to the opening of the
cytoplasmic half-channel which alters the initial bacteriorhodopsin
morphology (purple conformation) to become wedge shaped (yellow
conformation). (A) View from the cytoplasmic side, looking down the
proton path through the membrane. The retinylidene residue is shown
in blue. Only the transmembrane helical domains are shown without
the interlinking amino acid loops. (B) Side view looking from within
the plane of the purple membrane highlighting the large-scale
conformational change resulting in the wedge shape of BR in the
M2-state. Structural data
23 were obtained from PDB entries 1FBB and
1FBK. Structures were modeled using the program VMD.24
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(OD) of 0.2 to 0.3 at 570 nm. 50 mL of imaging buffer (300 mM
KCl, 10 mM Tris-HCl, pH 9.7 or 300 mM KCl, 10 mM
HEPES, pH 7.0) was pipetted onto a 1 cm by 1 cm sized mica
substrate and then 5 to 10 mL of the PM suspension was
added. After 30 min of incubation, excess PM material was
removed and the sample extensively rinsed with imaging buffer
(10 times 20 mL). The samples were then mounted onto the
microscope where they were allowed to stand for 30 min
before imaging in order to reach thermal equilibrium.
Methods
Tapping-mode atomic force microscopy (TM-AFM) in liquid
environment was chosen for imaging in order to minimize
forces between AFM-tip and sample. Imaging was performed
on a Nanoscope IV system (Veeco, Santa Barbara, CA).
Pyramidal, oxide-sharpened Si3N4 tips attached to a V-shaped
substrate (Olympus, Tokyo, Japan) were used for imaging. All
images were measured using tapping-mode AFM with
constant amplitude attenuation. The cantilever approach
was performed with an initial drive amplitude of 250 mV
(tip oscillation amplitude 1–2 V). Once the sample was
approached both drive amplitude and setpoint were adjusted
to minimal forces possible.
Single molecule force spectroscopy was utilized to
differentiate between the cytoplasmic and the extracellular
side of PMs by recording force spectra of the non-supported
BRs. For this purpose the force spectroscopy experiments
were done on the apex of convex membranes, where they are
surrounded by buffer on both sides. The distance–force curves
obtained depend on the unfolding pattern of the examined
BRs and whether the pull-out of a single BR molecule is done
from the cytoplasmic (QC-terminal) or the extracellular
(QN-terminal) side. The respective a-helices of BR are
unfolded pairwise as the protein is pulled out of the
membrane27 resulting in four main peaks. The respective
number of amino acids between the peaks is different for
pull-outs done from the cytoplasmic and the extracellular side.
This allows for the determination from which side the BR was
pulled out off the PM and thus a differentiation between both
membrane sides. Peak positions and inter peak distances were
determined according to the worm-like chain model (WLC).28
All experiments were conducted at room temperature (21 1C).
Results and discussion
Aspartate in position 85 plays an important role in the
photocycle of wildtype bacteriorhodopsin (BR-WT). During
the transition from the L-state to the M1-state, the Schiff base
is deprotonated while D85 is protonated. In the essentially
irreversible step from the M1 to the M2-state the orientation of
the Schiff-base linkage is reversed from 13-cis, 14-s-cis to
13-cis, 14-s-trans and the cytoplasmic half-channel is opened
to facilitate reprotonation of D96 from the cytoplasmic side.
In BR-D85N and BR-D85T the pKa-value of the Schiff base is
reduced from 413 in non-illuminated BR-WT to 8–9 in
BR-D85N/T variants.29,30 At alkaline pH the Schiff base
of the mutated BRs is thus deprotonated even in the
non-illuminated state, resulting in the opening of the CP
half-channel. Consequently, the BR-variant experiences the
same changes with respect to its 3-D structure as BR-WT
during its photocycle.25 Helix F is tilted outward and the
proteins become wedge-shaped. Due to the strong interaction
within the PM crystalline lattice they cooperatively induce the
macroscopic bending of the PMs.
AFM images of BR-D85T containing PMs taken at alkaline
pH (Fig. 3A + B) show that many PMs appear to be bent at
these physiological conditions. About 50% of the PMs on the
mica appear as dome-like structures, the other 50% as
flat structures. The height of typical bent PMs reaches up to
a few hundred nanometres in alkaline medium. This shows
that all PMs in the sample are curved. Those absorbed with the
convex side up cause the dome-like structures, the other
ones which absorb with their convex side down collapse,
however, these will be discussed later. In comparison, at
neutral pH almost all PMs are planar, as can be seen in
Fig. 3C + D. Due to the aformentioned pH-dependent
equilibrium of the three different states of accumulation very
few bent purple membrane patches still remain at pH 7. These
are only slightly bent and feature dome-like as well as
collapsed structures.
Taking AFM images of freely suspended PMs in solution is
not possible. AFM techniques always require a flat support on
which the sample is more or less immobilized for investigation.
The forces acting between the support (mica) and the membranes
may influence the PMs morphology, however, the results
reported here show that the interactions between mica and
PM do not prevent membrane bending at the PM mica inter-
face. This in turn means that the surface tension of the bent
PMs is greater than the forces between the BR-D85X patches
and the mica substrate.
As schematically shown in Fig. 4 the shape of the PMs
changes in suspension from flat (Fig. 4A), e.g. at pH = 7, to
that of a spherical segment (Fig. 4B). These segments come
into contact with the mica substrate (Fig. 4C). Whereas
the ‘upwards’ looking or concave membranes collapse the
‘downward’ looking, convex membranes interact only at their
outer rim with the substrate. This causes the outer rim to
appear somewhat flattened where attached to the substrate. In
the middle, however, a dome-like part of the membrane
remains (Fig. 4D). While arching over the mica surface the
bent membrane parts are surrounded by buffer solution on
both sides and are thus effectively ‘freely suspended’ just like in
their truly native place, the Halobacterium salinarum cell.
Naturally, two ways of membrane adsorptions are
observed. Whereas the ‘downward’ looking spheres change
their shape only at the rim due to interaction with the
substrate, the ‘upward’ looking spheres seem to collapse
(Fig. 5) and only a small part of the rim rises above the
substrate. Whereas ‘downward’ looking spheres are stabilized
by the internal buffer, the ‘upward’ looking spheres come into
contact with the substrate more or less at a single point.
Beginning at this point and extending outward, the water
between PM and the substrate is squeezed out as the
membrane attaches to the surface until finally the entire
membrane is flatly absorbed to the substrate. Only larger
membranes and only at their outer rim, where the internal
membrane tension is high enough, have a small part of their
rim not in touch with the substrate (section 1 Fig. 5).
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To determine experimentally whether the PMs do bend
‘extracellular-side-out’ or ‘cytoplasmic-side-out’ has not been
achieved before. Attempts to reach molecular resolution in the
middle of the dome-like PMs were not successful. The strong
bending and even more the great flexibility of the effectively
Fig. 3 Bending of purple membranes observed at physiological conditions. Tapping-mode AFM images of BR-D85T membranes (A + B) at
alkaline pH (9.7) and (C + D) at neutral pH (7.0) on mica. A + C are amplitude, B + D the respective height images.
Fig. 4 Scheme of bending of purple membrane containing the
variants BR-D85N or BR-D85T, respectively. (A) BR-D85N/T mem-
branes in neutral suspension. (B) BR-D85N/T membranes in alkaline
suspension. The cytoplasmic half-channel is open and the protein
transforms to a wedged shape. (C) BR-D85N/T bent membranes
adsorb on mica at alkaline pH. (D) In dependence on their orientation
they either collapse (left) or form a dome-like structure (right). An
AFM-tip is shown schematically to indicate that the force spectra are
taken from BRs in a quasi-free suspended membrane where buffer is
on both sides of the membrane. This resembles the situation in the
halobacterial cell.
Fig. 5 Adsorption of bent purple membranes comprising BR-D85T
at alkaline pH in dependence on their orientation. ‘Upward’ looking
PM to the left with corresponding cross-section 1 and ‘downward’
looking PM with corresponding cross-section 2.
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free spanning convex membrane parts limits the achievable
resolution of AFM techniques. Images of molecular resolution,
to distinguish both sides, are only obtainable on totally flat
and supported membranes and are thus inaccessible in this
case. We took advantage of single molecule force spectroscopy
to detect the orientation and direction of bending of the
PMs investigated. The different types of distance–force
curves obtained when analyzing an ‘extracellular-side-out’ or
a ‘cytoplasmic-side-out’ bent PM reveal themselves to be a
reliable tool for discrimination.
The peaks emerging in single molecule force spectroscopy of
BR represent the pairwise unfolding of the a-helices of BR. In
particular, this means the stretching of the C-terminus, the
helices G&F, the helices E&D, and the helices C&B in case the
AFM tip attached on the cytoplasmic side (see Fig. 6A). After
the fourth peak the protein is pulled out of the membrane or
detaches from the tip. If the extracellular side faces upward,
the N-terminus could adhere to the tip. Again four main peaks
occur. First, the N-terminus is stretched, then the helices A&B
are unfolded and stretched, the third and the fourth peak
represent the unfolding and stretching of the helices C&D and
E&G, respectively. As the force curves measured on both sides
of the PM are easily distinguishable by the difference in
separation of the main peaks and by the difference in the
relative forces of those peaks,31 this technique is a reliable
method to determine the orientation of the PM (Table 2).
Since the exact position at which adhesion to the tip occurs is
variable for both termini, all force curves are normalized on
the second peak and only the remaining three peaks that do not
represent the stretching of the termini are considered for side
differentiation. Also, the AFM-tip does not specifically attach to
either terminus but with low probability also to the inter-
connecting loops (numbers 2–4 in Fig. 6A). Thus the collected
force spectra of BR-WT as well as the variants were screened and
only force curves featuring four peaks and an overall length of
more than 50 nm were selected for comparison purposes. Force
curves with a length greater 50 nm only result from a pulling
event from either terminus, but not a loop.
In Fig. 6B and C distance–force curves of BR-WT that we
pulled from the cytoplasmic side are given in dark grey. The
force curves we obtained from the dome-like shaped PMs at
alkaline pH for BR-D85N (Fig. 6B) and BR-D85T (Fig. 6C)
are shown in red. The three main peaks (numbered 2–4)
associated with helix unfolding have the same separation for
both variants relative to BR-WT (see Table 2). This leads to
the conclusion that the force curves of both variants are taken
from the cytoplasmic side of the membranes. Although
the BR-D85T force curves have a higher variation than the
BR-D85N curves, the peak distances of both variants match
those of the cytoplasmic wildtype curves. Some side peaks and
the maximum forces of the peaks seem to differ from BR-WT.
This may be due in part to the effectively freely suspended
nature of the convex membranes and due to the changed
tertiary structure of the protein, which may result in altered
intramolecular forces and thus altered unfolding pathways.
Due to their bent and freely suspended nature, convex
membranes possess distinguishing features, such as their
flexibility.
Fig. 6 Single molecule force spectroscopy of non-supported bacteri-
orhodopsins. The force spectra were taken from the center region of
dome-like bent purple membranes where the bacteriorhodopsins are
not in contact with the mica substrate. From the force spectra the
orientation of the membranes was determined to show the cytoplasmic
side up. (A) Schematic representation of the force spectroscopy
experiments performed on BRs from the cytoplasmic side of PM. As
the cantilever attached to the C-terminus is retracted the protein is
pulled out of the membrane in four steps (numbered 1–4) unfolding
pairwise the seven a-helices of BR. (B + C) Comparison of force
curves taken from the cytoplasmic side of BR-WT (gray dots) and (B)
the variant BR-D85N and (C) the variant BR-D85T (red dots),
respectively, at alkaline pH.
Table 2 Spacing of cytoplasmic and extracellular BR-WT and BR-D85N/T-peaks
Peak 2 Peak 3 Peak 4 Number of curves DPeak 3–2 DPeak 4–3
BR-WT cytoplasmic 88 (86) aa 149 (147) aa 215 (216) aa 22 61 aa 66 aa
BR-WT extracellular (74) aa (133) aa (223) aa 12 59 aa 90 aa
BR-D85N Convex 88 aa 150 aa 216 aa 14 62 aa 66 aa
BR-D85T Convex 88 aa 147 aa 215 aa 17 59 aa 68 aa
aa = amino acid, for BR-WT literature values are given in parentheses.31
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If a force is applied to the surface of the membrane and BR
protein moieties are extracted, the membrane is capable of
giving in and by doing so compensate this force to a certain
extent. This is, e.g., evident on a percentage basis, as the
number of successful events of pulling BR out of the PM is less
for the variants than for the wildtype. As forces become too
large, however, deformation or even damage to the membrane
results. This is shown in Fig. 7 where a dome-like membrane
was imaged prior to (Fig. 7A) and after (Fig. 7B) single
molecule force spectroscopy. A small indentation marks the
area where the membrane was destabilized during the force
spectroscopy process.
The spherical shape of PM patches in solution changes when
they come into contact with the mica substrate and at the rim a
deformation is observed which arises from the interaction of
BR and lipids with the mica substrate. The superposition of
surface tension induced in the membrane from structural
curvature and the interaction with the substrate leads to
membrane shapes which may be described as Gaussian curves.
In Fig. 8A and B cross-sections taken from different dome-
like PMs of variant BR-D85T and BR-D85N have been
approximated by a Gaussian fit, which fits nicely the obtained
membrane topography (see ESI).w The 2nd derivative of the
Gaussian profile, evaluated at the apex of the respective PM
sections (f 0 00), yields a characteristic curvature for both
BR-D85 variants on mica. If plotted against the respective
membrane size, represented by the area A underneath the
membrane’s cross-section, a characteristic cut-off size becomes
evident, below which the PM and thus its curvature are
significantly affected by surface interactions (Fig. 8C). Below
this cut-off size surface interactions begin to dominate increasingly
over the intramembrane tension and force the bent PM more
and more into contact with the substrate surface. Beginning
from the rim and extending toward the center of the PM, this
increased surface interaction squeezes the dome-like freely
suspended part together, resulting in an increased curvature
as well as an enlarged rim area. This effect can be seen for
smaller membranes, namely for the red, green and blue cross-
sections, which are highlighted in the inserts of Fig. 8A and B.
For BR-D85T the characteristic cut-off size is approximately
0.04 mm2 or a diameter of about 1 mm. The mean curvature
evaluated for membranes larger than these critical dimensions
is 1.17 mm1. For BR-D85N, the respective values for
cut-off size are approximately 0.06 mm2 or a diameter of about
Fig. 7 Flexibility of bent purple membranes. Topography of
BR-D85N membrane (A) prior to and (B) after force spectroscopy.
Whereas the convex membrane in (A) is unaltered in (B) the irreversible
damage and the resulting deformation of the membrane caused by the
single molecule force spectroscopy process is evident. Both images are
1  1 mm in size.
Fig. 8 Analysis of the shape of dome-like purple membranes
containing BR-D85N and BR-D85T on mica. (A and B) Cross-
sections of BR-D85T and BR-D85N membranes (dots) were
approximated by a Gaussian profile (solid line), which fits nicely the
experimental values (see ESI).w Several selected cross-sections and
belonging fits with R24 0.99 are shown. (C) Analysis of the curvature
of purple membranes on mica. The membrane curvature (2nd deriva-
tive of the Gaussian profile evaluated at the apex of the respective PM
sections) plotted against the size (area underneath the profile) of the
respective dome-like membranes. BR-D85T exhibits a mean curvature
y0 00,mean of 1.17 mm1 at PM sizes greater than 0.04 mm2 or diameters
greater than about 1 mm. Below these critical dimensions, membrane
curvature is significantly affected by surface interactions. For
BR-D85N the respective values are 1.06 mm1 for the mean
curvature of unaffected membranes and 0.06 mm2 or a diameter of
about 1.5 mm for the critical membrane dimensions.
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1.5 mm. The mean curvature of uninfluenced membranes
is 1.06 mm1.
Conclusion
The bending of BR-D85N and BR-D85T membranes in
alkaline buffer has been visualized by AFM for the first time.
Analysis and differentiation of the bent sides was performed
using single molecule force spectroscopy. The results confirm
the model that M-state formation during the photocycle of BR
causes an opening of the cytoplasmic half-channel which
induces large scale bending of the membranes. From such
dome-like formed PMs the first single molecule force spectra
of BRs of non-supported PMs, i.e. where both sides of the PM
are in contact with liquid, were obtained. The analysis of the
macroscopic bending of the PMs revealed to be dominated by
the characteristic curvature of PMs as long as they are larger
in diameter than a certain cut-off size of about 1 mm. The
topography of small membranes is fully controlled by their
surface interaction, however, the shape of larger membranes in
the inner part is primarily controlled by the characteristic
shape of the individual BR molecules. The findings reported
give rise to the hope that PMs might be used as chemo-
mechanical transducers, which upon a pH-shift change their
shape and thereby interact with their environment.
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The light-driven proton pump bacteriorhodopsin (BR) embedded in purple membrane (PM) from 
Halobacterium salinarum undergoes a series of conformational changes while transporting a proton from 
the cytoplasmic to the extracellular side over the course of the so-called photocycle. Wild-type BR variant 
D85T, where aspartic acid 85 is replaced by threonine, allows for the study of structural intermediates of 
this photocycle, that are formed in a light-dependent manner in the wild-type and in thermal equilibrium 10 
by tuning the pH of the D85T purple membrane suspension. Especially the last and least studied O-
photocycle intermediate of bacteriorhodopsin has caught recent attention. First AFM images of the 
O-photocycle intermediate at physiological conditions revealing strongly bent purple membranes are 
presented. Bacteriorhodopsins embedded therein were analyzed by single molecule force spectroscopy 
(SMFS) providing the first single molecule force spectra of BR in the O-intermediate. SMFS was further 15 
employed to determine the absolute sign of membrane curvature. Complementary electrostatic force 
microscopy (EFM) was performed to support PM side discrimination and determination of bending 
direction. Bending of PM-D85T was analyzed in more detail providing further insight into the structure-
function relationship of the bacteriorhodopsin proton pump as well as PM behaviour at the solid-liquid 
junction. Findings reported here are of general interest to the field of chemomechanical transducers.20 
Introduction 
Purple membrane (PM) from Halobacterium salinarum featuring 
the light-driven proton pump bacteriorhodopsin (BR) and lipids 
only1-3 is expressed by the archaeon under anaerobic conditions 
to allow for the harvesting of energy via photosynthesis. 25 
Structurally, PMs are 2D crystalline patches comprising BR 
trimers arranged in a hexagonal lattice within the lipid bilayer. A 
prototype of seven transmembrane α-helical proteins, BR, allows 
for a light-driven proton transport from the cytoplasmic (CP) to 
the extracellular (EC) side of the cell membrane.4-9 Retinal 30 
connected to lysine 216 and utilized as a chromophore by BR 
divides the ion-channel into two halves and provides for a 
vectorial transport mechanism.10 Certain point mutations of 
bacteriorhodopsin, however, do allow a bidirectional transport 
and are not limited to protons but convey ions as well.11,12 The 35 
basic underlying principle of function in either case is the same13 
and consists of a sequence of isomerisation states of the 
retinylidene residue intertwined with a well-studied series of 
protonation changes of key amino acids within both half channels 
and the Schiff-base (SB) linkage (ion transport).10,14,15 40 
Concomitantly, certain conformational changes within the 
structure of BR switch the Schiff-base accessibility to either 
cytoplasmic or extracellular.10,16,17 This 
isomerization/switch/transfer (IST) model provides a general 
concept for ion translocation by halobacterial retinal proteins and 45 
formally describes the catalytic cycle of bacteriorhodopsin in 
terms of six such steps.2,14 Photo-isomerization of retinal from 
all-trans to a 13-cis configuration is followed by a proton transfer 
from the Schiff-base the proton acceptor D85 in the extracellular 
half. An outward tilt in helix F causes the opening of the 50 
cytoplasmic channel, which coincides with a switch in Schiff-
base accessibility from the extracellular to the cytoplasmic half to 
allow for a vectorial transport mechanism. While reprotonation of 
the Schiff-base from D96 in the cytoplasmic channel occurs, the 
proton release complex (PRC) on the extracellular half releases a 55 
proton to the bulk phase. Finally, retinal reisomerizes thermally, 
switching accessibility of the Schiff-base back to extracellular 
once D96 is reprotonated from the CP surface. This switch is 
accompanied by the closing of the CP and the opening of the EC 
half channel. Notably the IST model also accounts for transport 60 
modes of bacteriorhodopsin variants12,18, halorhodopsin19 and 
sensory rhodopsin.20 Macroscopically speaking, these transient 
intermolecular and related morphological changes of BR result in 
a light- and pH-induced bending of PM over the course of this so 
called photocycle.21,22 65 
The genetically modified BR variants of type BR-D85X, where X 
is a neutral residue, are of particular interest with respect to PM 
bending, because protonation of residue 85 is the critical step in 
the bacteriorhodopsin wild-type (BR-WT) transport cycle. Here 
we focus on BR-D85T, where the primary proton acceptor 70 
aspartic acid 85 is replaced by threonine which, as a result, not 
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only converts BR into a chloride pump11, 12 but also allows for the 
pH-controlled accumulation of BR-D85T in any one of three 
spectroscopically distinct intermediates of the BR-WT 
photocycle: with increasing pH these are the O, the N and the M 
intermediate, which may be associated with different shape 5 
changes of the protein.23,24 BR-D85T thus allows for various bent 
states of purple membranes to be observed in thermal equilibrium 
and under physiological conditions. The alkaline M state, which 
is the first of the aforementioned three to be encountered in the 
BR photocycle, has been the focus of recent investigations.21,22 In 10 
the M2-state the key amino acids D96, D85 and the proton release 
complex (PRC) are all protonated, while the cytoplasmic 
accessible Schiff-base in its 13-cis-14-s-trans-15-anti 
conformation is not. Helix F is tilted outward and the cytoplasmic 
half-channel is open, resulting in a strong bending of PM. Single 15 
molecule force spectroscopy revealed, that the convex side of 
bent PMs under alkaline conditions corresponds to the 
cytoplasmic, while the concave side corresponds to the 
extracellular side.22 Over the course of the M2 over N to O 
transition D96 transfers its proton to the Schiff-base and is itself 20 
reprotonated, while D85 remains unchanged and the PRC 
releases a proton to the extracellular medium. The cytoplasmic 
half-channel closes while the extracellular half opens, as the 
Schiff-base changes its shape to a twisted all-trans conformation 
and its accessibility back to the EC side. The now arrived O state 25 
should also feature bent purple membranes according to crystal 
structures which suggest that large scale conformational changes 
take place on the extracellular side of the protein25 leading to a 
geometrical asymmetry accompanied by the formation of wedge-
shaped BRs. The asymmetry should be amplified through the PM 30 
crystal by the high protein-to-lipid ratio resulting in a 
macroscopic bending of PM. Unlike the M state, however, where 
conformational changes are restricted to the cytoplasmic side, PM 
in the O state should now be bent in the opposite direction, that is 
the extracellular side should be convex and the cytoplasmic side 35 
concave. At acidic pH BR-D85T closely resembles the O 
intermediate of the BR-WT photocycle, which shares structural 
similarities with acid blue membrane. We thus investigated BR-
D85T at acidic pH using atomic force microscopy and single 
molecule force spectroscopy. 40 
Materials and methods 
Purple Membranes from Halobacterium salinarum containing 
bacteriorhodopsin wild-type and variant BR-D85T were a gift 
from Dieter Oesterhelt’s group at the Max-Planck Institute of 
Biochemistry, Martinsried, Germany. All purple membrane 45 
samples used were freshly prepared according to standard 
procedures26 and finally purified by sucrose density gradient 
centrifugation. 
Mica was purchased from Plano GmbH Wetzlar, Germany and 
freshly cleaved prior to sample and template stripped gold (TSG) 50 
preparation. 
Sample preparation 
Purple membrane stock solutions were diluted in a 150 mM KCl, 
10 mM citrate, pH 3.5 buffer to a final absorbance (OD) of 0.2 to 
0.3 at 570 nm. 50 µL of imaging buffer (300 mM KCl, 10 mM 55 
citrate, pH 3.5) was pipetted together with 5 to 10 µL of the PM 
suspension onto a 1 cm by 1 cm sized mica or TSG substrate. 
After 15-30 min of incubation, excess PM material was removed 
and the sample extensively rinsed with imaging buffer (10 times 
20 µL). The samples were then mounted onto the microscope 60 
sample stage, where they were allowed to stand for another 30 
min prior to imaging in order to reach thermal equilibrium. 
Methods 
Tapping-mode atomic force microscopy (TM-AFM) was chosen 
for imaging in order to minimize interaction forces, especially 65 
sheer, between tip and sample. Imaging was performed in liquid, 
to mimic physiological conditions, on a Nanoscope IV system 
(Veeco, Santa Barbara, CA). Pyramidal, oxide-sharpend Si3N4 
tips attached to a V-shaped substrate (Olympus, k = 0.08 N/m, f0 
= 24-44 kHz, Tokyo, Japan) were used for imaging. All images 70 
were measured using TM-AFM with constant amplitude 
attenuation. The cantilever approach was performed with an 
initial drive amplitude of 250 mV (tip oscillation amplitude 1-2 
V). Once the tip had engaged both drive amplitude and setpoint 
were adjusted to minimal forces possible. 75 
Single molecule force spectroscopy on the apex of convex purple 
membranes was utilized to differentiate between the cytoplasmic 
and the extracellular side by recording force-distance curves of 
the non-supported BRs.22 Force spectra of BR generally feature 
four main peaks, which, however, differ in distance of separation 80 
and relative force. These characteristics of the force spectra are 
specific and unique to a given PM side and thus allow for a 
reliable side discrimination and determination of orientation.27 
For analysis only force curves featuring all four main peaks and 
an overall length greater than 60 nm were selected. The spectra 85 
singled out for analysis were aligned on the second peak and only 
the last three main peaks were considered for side differentiation. 
Peak positions and inter peak distances were determined 
according to the worm-like chain model (WLC).28 
EFM measurements were conducted in air using SCM-PIT tips 90 
(antimony (n) doped Si, k = 1-5 N/m, f0 = 70-83 kHz, 0.01-0.025 
Ω/cm, Veeco, Santa Barbara, CA, USA) utilizing the 
Nanoscope’s LiftMode feature. This mode of surface potential 
detection is a two-pass procedure in which the surface 
topography is obtained by standard tapping mode in the first pass, 95 
and the surface potential is measured on the second pass. Just 
before the second pass, the tip is moved to a configurable lift 
height above the sample surface. On the second pass of each line, 
the tip is then moved at a constant height, tracing the topography 
that was recorded in the first pass. The two measurements are 100 
thus interleaved, that is, they are each measured one line at a 
time. 
All AFM experiments were conducted at room temperature 
(21 ºC). 
Results and discussion 105 
We analysed PM-D85T on mica in particular at acidic pH by 
tapping-mode atomic force microscopy. For comparison purposes 
complementary imaging was also performed at neutral and 
alkaline conditions. Fig. 1 shows strongly bent as well as flatly 
collapsed purple membranes in acidic environment (Fig. 1 A) 110 
confirming in situ, that PM-D85T past the N intermediate, which 
features a flat topography (Fig. 1 B), is indeed bent again in the  
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Fig. 1 pH-dependent bending of PM-D85T observed on mica via TM-AFM in liquid under A) acidic conditions (pH = 3.4), B) neutral conditions (pH = 7.0) 
and C) basic conditions (pH = 9.7). Wedge-shaped BRs causing strong macroscopic bending of PM lead to flatly collapsed as well as dome-like structures 
under both acidic and basic conditions. At neutral pH PM-D85T features a mostly flat, disk-like morphology. 
 5 
Fig. 2 Formation of collapsed and dome-like PM structures. A) Bent PM-
D85T may approach the substrate surface either from the convex side 
apex first (left column: PM 1) or from the concave side rim first (right 
column: PM 2). B) In both cases strong surface interactions which 
antagonize the bending arise, pulling the membranes down onto the 10 
substrate surface (arrows). C) However, in the case of PM 1 membranes 
are pulled onto the substrate surface from the apex outward resulting in 
flat and collapsed structures. In case of PM 2 the rim flatly adsorbs to the 
substrate, but water trapped inside prevents further collapse causing 
dome-like structures. 15 
O intermediate, sharing morphological similarities with the 
alkaline M state (Fig. 1C). The formation of collapsed and dome-
like structures is illustrated based on Fig. 2. As the bent purple 
membranes approach the mica substrate they may do so with 
either the cytoplasmic or extracellular side, naturally two ways of 20 
membrane absorption are observed. In the first case, which 
corresponds to about half of the imaged PMs, the bent 
membranes approach the mica surface with their convex side 
facing down. As the membrane comes into contact attractive 
interactions arise, which antagonize the bending. Beginning from 25 
the point of first contact outward, buffer solution between PM 
and the substrate is expelled and the membrane almost fully 
collapses onto the mica substrate. A small but elevated rim is all 
that remains to hint at their bent nature (Fig. 2 left column). In the 
second case, which corresponds to the other half of PMs, the 30 
membranes are bent towards the surface and unlike the former 
case not the middle but the rim approaches the mica substrate 
first. Once again attractive interactions arise, but this time the 
water between PM and mica is trapped preventing a further 
approach and collapse resulting in a dome-like structure with a 35 
flat rim (Fig. 2 right column).  
Fig. 1 A featuring the same height scale as C shows, that although 
the height of these typically bent and effectively freely suspended 
purple membranes in acidic environment reaches up to a few 
hundred nanometers, they generally fall short of heights 40 
measured on the same substrate under alkaline conditions for a 
given membrane size. This suggests that under acidic conditions 
PMs are bent less strongly than at alkaline conditions.  
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Fig. 3 Analysis of membrane bending. A) TM-AFM image of PM-D85T 
acquired in liquid at acidic pH with cross-section through the apex of the 
strongly bent membrane. B) Approximating the extracted profiles by 
Gaussian fits according to (1) allows for the curvature of the respective 
membrane to be determined, by evaluating the second derivative (2) of 5 
the Gaussian at the apex. 
Membrane bending may be analysed in more detail by 
approximating cross-sections through dome-like PMs by 
Gaussian fits (Fig. 3). A superposition of surface tension induced 
by BR curvature and substrate interactions is responsible for the 10 
transformation of spherical PM patches into dome-like structures 
upon substrate adsorption. According to Fig. 3 B these membrane 
shapes may be well described by Gaussian curves. At the apex of 
the dome-like structures purple membrane is not in contact with 
the substrate but surrounded by buffer on both sides just like in its 15 
native occurence, the Halobacterium salinarum cell. Further, due 
to geometric considerations any remaining substrate effects 
should cancel out at the apex and membrane topography and 
curvature should be controlled by the characteristic shape of the 
individual BR molecules. The 2nd derivative at the apex of the 20 
Gaussian profile obtained yields a curvature which is  
 
Fig. 4 Characteristic curvature of PM-D85T evaluated under acidic 
conditions on various substrates. Membranes with a mean diameter of 
less than about 1.5 µm are strongly affected by the substrate while 25 
larger membranes feature a characteristic curvature of y”0,mean = -0.25 
µm-1 (mica), which is significantly less than observed under basic 
conditions (y”0,mean = -1.17 µm
-1). On gold, where surface interactions 
are decreased, PMs retain a more pronounced bending and 
characteristic curvature of y”0,mean = -0.68 µm
-1. 30 
characteristic for the given purple membrane and the 
physicochemical conditions. If plotted against the membrane’s 
size (Fig. 4), however, a cut-off diameter emerges, below which 
membranes are strongly affected by the surface and their 
morphology is governed by surface interactions. According to 35 
Fig. 4, this cut-off diameter is in the range of 1.0 to 1.5 µm. 
Above this cut-off PM-D85T at and around the apex of the dome 
is not directly affected by surface interactions but only controlled 
by the characteristic shape of the individual BR molecules and 
thus resembles the truly native state of BR-D85T and PM-D85T 40 
for the given conditions. The characteristic curvature of such 
membranes on mica is y”0,mean = -0.25 µm
-1 with a standard 
deviation of 0.16 µm-1, compared to y”0,mean = -1.17 µm
-1 under 
basic conditions.22 PM-D85T under acidic conditions is thus 
indeed less bent than in basic environment, which implies that the 45 
shape of individual BR molecules is different in both cases. For 
characteristic curvature determination the curvature of all 
membranes larger than the cut-off size was considered and the 
mean and standard deviation for the selected data were 
calculated. Interestingly a quite similar yet in its significant 50 
aspects slightly different picture develops for PM-D85T on a gold 
substrate under otherwise identical conditions. As shown in Fig. 4 
data collected on both gold and mica substrates seems to 
complement each other at first. The characteristic curvature, 
however, reveals that purple membranes of variant D85T on gold 55 
are bent more strongly with a mean curvature of -0.68 µm-1 and a 
standard deviation of 0.21 µm-1. Dome-like membranes are pulled 
downwards by attractive PM-surface interactions according to 
Fig. 2. In small PMs (smaller than the cut-off size) these forces 
outweigh antagonizing forces associated with membrane bending 60 
and as a result smaller PMs are thus squeezed together from the 
rim towards the center and appear strongly bent. In the case of 
larger PMs the squeezing along the rim becomes less significant 
for membrane topography. Surface interactions rather cause a  
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Fig. 5 Respective surface areas of the dome and rim part of bent 
PM-D85T plotted against the total PM area. Linear regression 
reveals a membrane size (2.35 µm2 or 1.73 µm diameter) above 
which rim and dome surface areas diverge as larger purple 
membranes exhibit a constant, characteristic curvature. 5 
spreading out and seem to have a flattening effect on PMs, 
resulting in less and eventually characteristically bent dome-like 
structures, where a balance between extrinsic and intrinsic 
interaction forces is reached. As template stripped gold features a 
greater mean roughness and thus fewer contact points than mica, 10 
substrate-PM interactions are lessened allowing for stronger PM 
bending. As a result smaller membranes, still affected by the 
surface, become less squeezed than on mica while larger 
membranes are less spread out and flattened and retain a slightly 
larger characteristic bending. While providing a possible answer, 15 
this explanation does not conclusively resolve the issue, since 
membrane topography at the apex of large purple membranes 
should primarily be controlled by the characteristic shape of the 
individual BR molecules as the substrate surface and consequent 
interactions become irrelevant at this point. It is known from 20 
previous experiments that substrate induced dynamical processes 
within PM may influence membrane morphology on a large 
scale.29 Disregarded thus far such dynamical processes might 
influence membrane bending as well and provide another 
possible explanation for the observed discrepancy, which 25 
however should not be overrated given the derived standard 
deviations. In light of this we feel the observed deviation is 
noteworthy, but needs further investigation on more substrates, 
which is part of ongoing research. In order to fully resolve this 
discrepancy between characteristic curvature on mica and gold 30 
theoretical modelling and computer simulations may be required. 
Nevertheless PM-D85T under acidic conditions is bent less 
strongly than under alkaline conditions irrespective of the 
substrate surface.  
Interactions with the substrate give rise to a certain rim formation 35 
around the dome-like PM structures. Consequently, there exists a 
ratio between membrane area attributed to the rim and area 
attributed to the dome for every given membrane size. Since the 
curvature of the dome area changes with membrane size the 
relative areas of the rim and the dome of bent purple membranes 40 
should also change especially once the membrane reaches its 
constant characteristic curvature. As depicted in Fig. 5, this is 
evidently the case. By plotting the relative areas of rim and dome  
Fig. 6 Single Molecular Force Spectroscopy at the apex of dome-like bent 
purple membranes on mica reveals that PM-D85T is bent extracellular 45 
side out under acidic conditions. Maxima observed in collected force-
distance curves nicely agree with the characteristic potential barriers 
encountered within BR pulled and unfolded from the N-terminus i.e. the 
extracellular side (see also Table 1). Main peaks indicating secondary 
structural motives are highlighted white and red, while sidepeaks hinting 50 
at characteristic features of the protein sequence and the present 
tertiary structure are marked green. 
against the total area of PM it becomes clear, that the respective 
areas of rim and dome begin to diverge strongly once a certain 
membrane size is reached. This point, which happens to be the 55 
cut-off point, may be calculated as the point of intersection of the 
linear regression of both relative rim and dome area for larger 
membranes. An area of 2.35 µm2 was calculated for PM on mica, 
which results in a cut-off membrane diameter of about 1.73 µm, 
which is slightly larger than determined from Fig. 4. 60 
Despite being less bent PM-D85T still exhibits great flexibility 
under acidic conditions, rendering attempts to reach molecular 
resolution for side differentiation in the middle of dome-like PMs 
futile. Single molecular force spectroscopy, however, was 
successfully applied to discriminate both sides and determine the 65 
direction of bending. Fig. 6 shows force spectra taken from the 
center region of dome-like bent purple membranes, where 
bacteriorhodopsins are not in contact with the mica substrate and 
are said to reside in their native state. Beside the four main peaks 
a total of five side-peaks could be clearly identified. Specific 70 
characteristics of both variant and wild-type force spectra i.e. 
peak position and separation of the main peaks are given in Table 
1 and are in exceptional agreement leading to the conclusion, that 
PM-D85T is bent extracellular side out. Therefore the 
extracellular side of bacteriorhodopsin monomers must assume 75 
an open form under acidic conditions leading to wedge-shaped  
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Table 1 Peak positions and separation between main peaks observed for 
force spectra of BR-D85T under acidic conditions in comparison to BR-
WT literature values for single molecule force spectroscopy from the 
cytoplasmic and extracellular side. Peak positions are given in amino 
acids into the bacteriorhodopsin sequence. Not only the main but also the 5 
side peaks observed for BR-D85T are in excellent agreement with BR-
WT analyzed from the extracellular side. PM-D85T is thus bent 
extracellular side out in acidic environment. 
 BR-WT 
cytoplasmic
a
 
BR-WT 
extracellular
a
 
BR-D85T 
convex 
Peak 2 (main) 86 74 74 
Peak 3(side) - 83 84 
Peak 4 (side) - 111 111 
Peak 5 (main) 147 133 133 
Peak 6 (side) - 148 147 
Peak 7 (side) - 164 165 
Peak 8 (side) - 187 187 
Peak 9 (main) 216 223 224 
Δ Peak 5-2 61 59 59 
Δ Peak 9-5 66 90 91 
 
a
 literature values.
27
 
Table 2 pH-dependent character and properties of PMs comprising BR-10 
D85X 
 acidic neutral alkaline 
photocycle 
intermediate 
   
BR morphology bent  flat  bent 
cytoplasmic side
 
extracellular side 
 
  
appearance on 
substrate 
   
characteristic 
curvature 
-0.25 µm
-1
 -- 1.17 µm
-1
 
cut-off-size 1.73 µm -- 1.0 µm 
 
 
BRs. Since characteristic curvature of purple membranes under 
acidic conditions is less than in basic environment single BRs are 
consequently less wedge-shaped implying that the extracellular 15 
half-channel is opened less widely in the O-state than the 
cytoplasmic half-channel is in the M2-state providing further 
insights into the structure function relationship of the 
bacteriorhodopsin proton pump. The propagation of this wedge-
shaped structural motive throughout the membrane results in a 20 
similar, yet less pronounced macroscopic bending of PM as 
already observed under basic conditions. This result is consistent 
with experimental as well as theoretical studies of the O-state of 
purple membrane. Table 2 briefly summarizes the results 
obtained from TM-AFM and single molecule force spectroscopy 25 
and compares and contrasts the O, N and M intermediate as 
represented by D85X. Interestingly force spectra of the variant 
show a number of prominent side peaks that are more frequently 
observed than in the wild-type reference spectra (data not shown). 
These occur at 84 amino acids (aa) (peak 3), 111 aa (peak 4), 147 30 
aa (peak 6), 165 aa (peak 7) and 187 aa (peak 8) into the amino 
acid sequence of bacteriorhodopsin (Fig. 6). All but the first of 
these energy barriers are located in helices D, E, and F, which 
undergo significant conformational changes upon tilting into the 
O-state, as their extracellular terminal ends move outward from 35 
the center of the trimeric structure. Crystal structures of closely 
related acid blue PM revealed that the most prominent change in 
the cytoplasmic half of the protein with respect to these helices 
occurs at Glu166, which coincides with peak 7. Further Gly155 
near the C-terminal end of helix E (close to peak 6) and Pro186 in 40 
helix F serve as swivel points for respective helix tilting. Proline 
186, corresponding to barrier 8, also serves as hinge residue for 
the opening of the cytoplasmic side of the protein under alkaline 
conditions and thus serves an important double function within 
the protein. Peak 3, like peak 2, corresponds to a barrier located 45 
on the extracellular side in the B-C loop. Both barriers are also 
found in wild-type BR and could be indicative of a preserved β-
sheet structure for the B-C loop in the O-state as has been 
suggested by theoretical modelling30 and EPR measurements.31 A 
significant difference between the spectra recorded for BR-D85T 50 
and BR-WT is the observed continuous decrease in force required 
to pull the various structural elements out of the membrane. For 
wild-type BR the rupture force of the last barrier (9) rises 
significantly again with respect to the other main peaks. A 
possible explanation for the adverse trend in BR-D85T might be 55 
the bent nature of PM. In the O-state helix G is moved 
significantly to the intermonomer location dramatically 
decreasing interactions with the remaining local environment 
especially once all other helices have been pulled out of the 
membrane. The observed potential barriers combined with the 60 
knowledge of the tertiary structure and morphology of PM 
illustrate the connection between mechanical stability and the 
characteristic features of a protein sequence as well as their 
implication on function in general.  
We complemented single molecular force spectroscopy analysis 65 
with electrostatic force microscopy (EFM) as a means for PM 
side differentiation. According to their surface charge, both sides 
of PM may be attributed to either the less negatively charged 
cytoplasmic or the more negatively charged extracellular side, 
both differing in charge by about 20 mV on mica.32 EFM is a 70 
two-pass interleaved line-by-line procedure where the topography 
of a sample is acquired by regular TM-AFM in the first pass, 
while the surface’ potential is probed in the second. Although an 
absolute assessment of the electrostatic field distribution is not 
possible in the setup used due to the insulating nature of the mica 75 
substrate, relative estimations can still be performed with high 
accuracy. Fig. 7 shows such an EFM measurement of PM-D85T 
on mica in air incubated under both acidic and basic conditions. 
As a result of the drying process, purple membrane surface 
interactions seem to be weakened and internal membrane tension 80 
responsible for the strong bending prevails. A few small, flat and  
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Fig. 7 Complementary EFM measurements for side discrimination of PM-D85T incubated under acidic (left: A, C, E) and basic conditions (right: B, D, F). 
Height images obtained in air (A,B) show flatly adsorbed, due to the drying process partially delaminated and a few remaining bent PM patches. 
Corresponding potential images (C, D) and sections (E, F) reveal the orientations and bending direction of respective membran es. Less negative 
membranes face CP side up, while more negative ones face EC side up. Apparently PMs are oppositely bent under acidic (EC out)  and basic conditions 5 
(CP out). Notably, concave PMs (acidic: section 2, basic: section 3) feature both sides in EFM measurements due to their strongly bent nature. 
 
 8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year]  
collapsed membranes are thus able to partially detach from the 
surface again and roll up inwards to form inverted dome-like 
structures. In the bottom right corner of Fig 7A and in the bottom 
left and right corner of Fig. 7B such PM patches are shown. 
Larger membranes experiencing stronger surface interactions 5 
over a larger contact area are unable to detach and remain flatly 
absorbed on the mica substrate, some being delaminated in part, 
and others featuring fissures, both direct results of the drying 
process. It is also noteworthy that the vast majority of still 
adsorbed PMs are of the flat collapsed type and almost no regular 10 
dome-like structures remain after the drying process. This applies 
to both acidic and basic conditions and might be due to the fact, 
that they are only loosely attached to the mica substrate along 
their rim and otherwise completely surrounded by buffer solution 
on both sides. Since it is energetically unfavourable to expose one 15 
entire hydrophilic membrane side to the nascent air/water 
interface, especially if PM surface interactions are further 
weakened by the trapped water, they readily come off upon 
drying and are washed away by the receding buffer. The potential 
image (Fig. 7 C, D) reveals the surface potential of the respective 20 
membranes from the height image as well as their orientation. 
Interestingly the inverted dome-like PM-D85T just discussed 
feature two different potentials (see corresponding sections). In 
the alkaline case PMs exhibit a less negative potential along the 
upward bent rim attributed to the CP side and a more negative 25 
one inside its rolled-up structure corresponding to the EC side, 
while in the acidic case the rim is more negative (EC side) and 
the inside more positive (CP side). In either case both purple 
membrane sides differ by about 20 mV with respect to their 
surface potential. These findings underline the strongly bent 30 
nature of PM-D85T and are in unison with literature. 
Conclusion 
The O-state of wild-type bacteriorhodopsin represented by PM-
D85T in acidic environment was visualized for the first time by 
means of TM-AFM. Similar to the M-state strongly bent purple 35 
membranes were observed. Single molecule force spectroscopy 
on the apex of dome-like PM structures was employed to 
discriminate between the cytoplasmic and extracellular side and 
confirm that in the O-state the extracellular half-channel is 
opened and consequently PM-D85T is bent extracellular side out. 40 
Further, the observed potential barriers combined with the 
knowledge of the tertiary structure and morphology of PM nicely 
illustrate the connection between mechanical stability and the 
characteristic features of a protein sequence as well as their 
implication on function in general. Side differentiation was 45 
successfully complemented by EFM measurements in air 
revealing concave membranes that detach from the surface and 
roll up. Further analysis of the macroscopic bending showed that 
PM-D85T is bent less strongly under acidic conditions featuring a 
less negative characteristic curvature. This implies that the 50 
opening of the extracellular half-channel is less pronounced than 
the opening of the cytoplasmic in the M-state and provides 
further insight into the structure function relationship of the 
bacteriorhodopsin proton pump.  
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’ INTRODUCTION
The reversible photodimerization of two coumarin molecules
under formation of a cyclobutane ring, resulting from a [2πþ2π]-
cycloaddition, was first disclosed by Ciamician and Silber1 in 1902.
Since then, an enormous number of studies concerning coumarin
and its 7-alkoxy derivatives have been published due to the unique
photochemistry of thesemolecules. Inmost cases solutions25 have
been studied, but there are also publications on the photochemical
behavior in crystals,68 polymer matrixes such as thin films,9,10 and
even self-assembled monolayers (SAMs).1113 Light having a
wavelength longer than 300 nm causes photodimerization of
coumarin and its derivatives, forming four possible stereoisomers:
syn or anti head-to-head (hh) and syn or anti head-to-tail (ht)
(Scheme 1). Photocleavage is observed upon irradiation with light
of wavelengths shorter than 300 nm.
In 1968, Stoeber et al. described a simple method to synthesize
highly monodispers silica nanoparticles of various diameters,14
inducing a lot of researchers to further investigate the functio-
nalization of the surface. The use of such nanoparticles in various
fields was explored, e.g., biological applications1517 and catalysis
andmaterials chemistry.1822 Due to the easy and flexible surface
modification, their nonacute toxicity, and the fact that they can
easily penetrate cell membranes, silica nanoparticles are promis-
ing candidates for drug and gene delivery.2325
In 1998, Imai et al. reported the synthesis of an interpenetrating
polymer network hybrid structure consisting of poly(2-methyl-2-
oxazoline), having coumarin moieties as side groups, and
tetramethoxysilane and investigated the resulting polymer prop-
erties, such as the glass transition point and solvent resistance of
photochemically cross-linked polymer films.26 Two years later,
Graf et al. described the functionalization of silica nanoparticles
with coumarin 343 and investigated the formation of particle
clusters due to photochemical dimerization.27 In 2003, Mal et al.
combined the photochemical properties of coumarin with sili-
con-based nanotechnology by modifying the mesoporous silica
cavity MCM-41 with coumarin. They showed that it is possible to
control the uptake, storage, and release of organic molecules in
MCM-41 by photocontrolled dimerization and cleavage of coumar-
in groups.28 In the same year, Fujiwara et al. published the synthesis of
pentacyclo[9.5.1.13,9.15,1517,13]octasiloxane bearing eight coumarin
groups. They investigated the formation of polymeric organicinor-
ganic hybridmaterials by photodimerization of concentrated solutions
of the octasiloxane and compared this to the intramolecular dimeriza-
tion of coumarin groups in diluted solutions.29 Three years later, Zhao
et al. synthesized photodeformable spherical hybrid nanoparticles
consisting of coumarin dimers. These particles “melted away” when
irradiated with hard UV light.30 Just recently, Ha et al. came up with
biocompatible fluorescent silica nanoparticles utilizing the fluor-
escence of coumarin derivatives.31
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ABSTRACT:We describe the synthesis and photochemistry of
coumarin-functionalized silica nanoparticles, which were pre-
pared utilizing 7-[3-(triethoxysilyl)propanyloxy]coumarin (TPC)
to attach coumarin as a photoactive group to the silica nano-
particle surface. The nanoparticle size and morphology were
investigated by scanning electron microscopy, atomic force
microscopy, and dynamic light scattering. The diameter of the
spherical nanoparticles was determined by all three methods to
be about 40 nm. The surface functionalization was characterized
in the bulk by ζ-potential measurements and on the single-
nanoparticle level by electrostatic force microscopy, where the difference in surface potential between TPC-modified and
unmodified silica nanoparticles is measured. The degree of surface functionalization was determined by thermogravimetric analysis
(TGA), and a theoretical limit of about 23 000 coumarin entities per nanoparticle was calculated. The photochemistry, and its
reversibility, of the nanoparticle-attached coumarin entities was found to be quite different from the coumarin photochemistry in
solution or on flat surfaces. Photodimerization with light of 355 nm and photocleavage with light of 254, 266, and 280 nm were
analyzed by absorption and fluorescence spectroscopy. Following several cycles of photodimerization and photocleavage showed
that the absorption change at 320 nm decreases from cycle to cycle. The coumarin layer on the nanoparticles was proven to be
unchanged by TGA. The apparent loss of absorption change is due to the formation of interlinked nanoparticles during the
dimerizationcleavage cycles. Because the coumarin groups on the inside of the obtained nanoparticle clusters are inaccessible to
light, the amount of “uncleavable” dicoumarins increases, thus lowering the obtainable absorption change from cycle to cycle.
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In this paper we report on the photochemistry of coumarin-
functionalized silica nanoparticles. The SiO2 nanoparticles (NPs)
were functionalized with 7-[[3-(triethoxysilyl)propyl]oxy]coumarin
(TPC) as shown in Scheme 2. We studied the surface morphology,
size distribution, and surface potential of the TPC-functionalized
nanoparticles by scanning electron microscopy (SEM), atomic force
microscopy (AFM), and electrostatic force microscopy (EFM). We
show that it is possible to differentiate between nonfunctionalized
and functionalized particles on the single-nanoparticle level by
measuring their surface potential with EFM. This work describes
in detail the photochemistry of coumarin anchored on the surface
of a solid silica core. In contrast to the work of Zhao et al., where
prior to particle formation coumarin was dimerized to formparticles
that consist completely of coumarin dimer moieties, which can
only be cleaved upon irradiation with UV light but not be
redimerized, we investigated the reversible photodimerization
and photocleavage of coumarin groups on the particle surface.
We found that the photochemistry of the coumarin groups
anchored to the convex surface of the nanoparticles differs
significantly from the photochemistry of identical groups in
solution or attached to a flat silicon surface.13 Whereas the
quantum yield of the photocleavage of the coumarin dimers is
identical on both surfaces within the experimental limits, the
reversibility of the process is quite different. Photochemical
dimerization occurs mainly between coumarin groups located
on the same particle shell and is reversible, in contrast to the work
of Graf et al., who found a significant size dependency on the
irradiation time in particular for high particle concentrations. In
our experiments this effect needs to be considered only after
several cycles of photodimerization and photocleavage.
’EXPERIMENTAL SECTION
Materials and Sample Preparation. Ethanol (absolute) and
acetonitrile (HPLC grade) were purchased from Carl Roth GmbH, and
methanol (HPLC grade) was purchased from Fisher Scientific. Ammo-
nium hydroxide solution (25 wt %) and tetraethyl orthosilicate (TEOS)
were purchased from Sigma-Aldrich and used as received. TPC was
synthesized from 7-hydroxycoumarin following literature procedures.28,32
Synthesis of 7-[3-(Triethoxysilyl)propanyloxy]coumarin-
Functionalized Silica Nanoparticles (TPC-NPs). The synthesis
follows mainly the modified Stoeber synthesis for organosilica spheres
reported by van Blaaderen et al.14,33 In the first step 3.64 mL of
ammonium hydroxide solution was added to a solution of 3.58 mL of
TEOS in 93 mL of ethanol and the resulting solution stirred for 20 h.
Then 700 mg of TPC was added to 25 mL of this solution and the
resulting solution again stirred for 20 h. Afterward the surface-functio-
nalized particles were sedimented using screwed 50 mL FEP Oak Ridge
tubes in a Sorvall Super T21 (Thermo Fisher Scientific) equipped with
an SL50T rotor running at 18 000 rpm (38 724 rcf) at 4 C. The
supernatant was discarded, and the particles were dispersed in methanol.
For further purification this process was repeated 10 times until the
supernatant was coumarin free. After evaporation of the solvent the
nanoparticles were dried in vacuum.
Characterization of Silica Nanoparticles. UVvis spectra were
measuredwith a Lambda 35 spectrometer (Perkin-Elmer) between 190 and
600 nmwith 480 nm 3min
1 in steps of 1.0 nm. Fluorescence spectroscopy
was performed on a Shimadzu RF-1502 spectrometer. Thermogravimetric
analysis (TGA) was performed on a TGA/SDTA 851e system (Mettler
Toledo) in an open corundum crucible between 25 and 1000 C in a
nitrogen atmosphere with a heating rate of 10 K 3min
1. Dynamic light
scattering (DLS) measurements were accomplished with a Zetasizer Nano
ZS (Malvern). The ζ potential was measured with a Delsa Nano C
(Beckmann Coulter). Particles were measured in the reaction solution
diluted 1:5with ethanol in a standard flow cell. Field-emission SEM imaging
was performed on a JSM-7500F (Jeol) with a YAG-BSE detector (Autrata).
A 20 μL portion of a 0.01 mg 3mL
1 dispersion of the particles was
evaporated at room temperature and normal pressure on isolating silicon
wafers as substrates. Samples were sputtered with platinum and transferred
via an ALTO-2500 liquid nitrogen (LN2) cryotransfer system (Gatan) and
measured in high vacuum. Surface structure imaging was realized using an
atomic force microscope, Nanoscope IV (Veeco Metrology). All measure-
ments were carried out in tapping mode with pyramidal, oxide-sharpened
Si3N4 tips in air at ambient conditions.
Photochemistry.As a light source for triggering the photochemical
dimerization of coumarin groups, an AVIA 355-7 laser (Coherent) was
used. The laser system is a diode-pumped, Q-switched, frequency-
tripled Nd:YAG laser operating at a wavelength of 355 nm having a
pulse length of 25 ns. Irradiation was accomplished with a repetition rate
of 10 kHz and a pulse energy of 260 μJ/pulse. The beam profile was
widened to a diameter of 1.2 cm. Photocleavage was induced with a
Shimadzu RF-1502 spectrometer using excitation wavelengths of 280,
266, and 254 nm. The light energy was determined by using azobenzene
as an actinometer following Gauglitz and Hubig.34
’RESULTS AND DISCUSSION
Studies on Morphology and Functionalization of TPC-
NPs. SEM images of SiO2 NPs were used to characterize the
morphology of the nanoparticles. Figure 1 a shows the nonfunctio-
nalized nanoparticles. They are slightly agglomerated spherical
particles with a diameter of about 40 nm. This agrees well with
the results fromDLSwhere an average diameter of 39.3( 9.6 nm
with a polydispersity index of 0.036 was derived. In Figure 1 bd
the TPC-functionalized SiO2 NPs are shown at different magni-
fications. The TPC functionalization slightly enhances their
tendency to agglomerate (b), but they still have a spherical
shape. Their diameter is now about 45 nm, which DLS measure-
ments of the TPC-functionalized SiO2 NPs confirm. An average
diameter of 45.6 ( 15.0 nm with a polydispersity of 0.181 is
derived. The length of one fully extended TPC molecule is
1.35 nm. This should result in an increase in diameter of 2.7 nm,
i.e., from 39.3 to 42 nm. However, both SEM and DLS measure-
ments indicate an increase in diameter of about twice as much,
which could possibly be explained by the formation of some type
of a “bilayer” of TPC on the nanoparticle surface. Parts c and d of
Scheme 1. Isomers of Dimers of 3-(Triethoxysilyl)propany-
loxy-Derivatized 7-Hydroxycoumarin
4151 dx.doi.org/10.1021/la200238y |Langmuir 2011, 27, 4149–4155
Langmuir ARTICLE
Figure 1 show a TPC-modified nanoparticle cluster as well as a
single NP. Figure 1 e shows TPC-functionalized SiO2 NPs that
have been irradiated with light of 355 nm, which causes dimer-
ization of the coumarins to dicoumarin. No changes in shape and
no striking changes in size compared to the nonirradiated
particles are observed. This is in accordance with the expecta-
tions, as dimerization of two coumarin groups both anchored
adjacently on the same nanoparticle surface is much more
probable than a dimerization between coumarin groups on two
different nanoparticles. Figure 1 f shows such a nanoparticle
dimer. After a single light exposure the statistic contribution of
such nanoparticle clusters is not sufficient enough to change the
average diameter of the nanoparticles significantly. The average
diameter determined byDLSmeasurement remains about 45 nm
with a polydispersity index similar to the previous one.
Figure 2a shows the height image of a mixture of nonfunctio-
nalized SiO2 nanoparticles and TPC-NPs on a freshly oxidized
silicon wafer surface. Particle dispersions were mixed, and the
substrate, freshly oxidized silicon, was immersed into the mixed
dispersion. The particles seem to be more agglomerated than in
the SEM pictures, which probably is due to the higher surface
potential of the oxidized Si wafers compared to the untreated Si
wafers used for SEM imaging. The size and shape of the
nanoparticles fully correspond to the values determined by
SEM and DLS. The change of approximately 5% in diameter
related to the TPC functionalization is not enough to be reliably
resolved in the AFM images.
Melin et al. reported in 2004 on charge injection experiments
performed on silica nanoparticles and their analysis by EFM.35 In
2009, Pacifica et al. described EFM imaging of different silica-
coated metal nanoparticles.36 We report for the first time on
EFM as a tool to determine differences in surface potential between
functionalized and nonfunctionalized silica nanoparticles on the
single-nanoparticle level. Figure 2b shows the same sample as
Figure 2a, but as an EFM image reflecting the surface potential.
For this measurement Veeco’s lift mode without any bias to tip or
Figure 1. SEM images of SiO2 nanoparticles on a silicon wafer: (a)
nonfunctionalized SiO2 nanoparticles; (bd) TPC-functionalized nanopar-
ticles at differentmagnifications; (e, f) photochemically dimerizedTPC-NPs.
Scheme 2. Synthesis and Photochemistry of TPC-NPs
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surface was employed. Now two different species emerge, one
charged like the surface (selected examples highlighted in red)
corresponding to the nonfunctionalized SiO2 nanoparticles and
the other species with an approximately 75 mV different charge
corresponding to the TPC-NPs. Areas with intermediate charge
are due to stacking of the two different species. Due to the fact
that the Si wafer is an insulator, no absolute values concerning the
sign of the charge could be determined. However, it is clearly shown
on the single-nanoparticle level that functionalization leads to a
significant change in the surface potential of the nanoparticles.
This could be confirmed by ζ potential measurements of bulk
material. The ζ potential of the nonfunctionalized SiO2 nano-
particles was 69.64 mV; the value for the TPC-functionalized
nanoparticles was 49.64 mV.
To determine the degree of functionalization, TGA was per-
formed. A weight loss of 11.8% between 100 and 850 C was
observed. Taking the molar mass of 7-(propanyloxy)coumarin
groups, and assuming 4.5 silanol groups per square nanometer37
on the nanoparticle surface, which corresponds to 22 620 silanol
groups per 40 nm nanoparticle, the calculation results in a con-
centration of 0.57 μmol 3mg
1 corresponding to 23 002 TPC
molecules per nanoparticle. Assuming that statistically only 1.5
out of 3 ethoxy groups bind to the nanoparticle surface while the
others react with other TPC molecules, the formation of a TPC
“shell” (see Scheme 2) is likely to happen. This assumption is
well supported by the correlating SEM and DLS measurements,
which indicate the immobilization of a “bilayer” of TPC mole-
cules. Assuming a load of 0.57μmol 3mg
1TPCon the nanoparticle
surface, a molar extinction coefficient for TPC-modified nanopar-
ticles dispersed in acetonitrile of ε320nm = 8802 ( 126 L 3mol
1
3
cm1 is derived. Compared to the molar extinction coefficient of
TPC of ε320nm = 16 047 ( 142 L 3mol
1
3 cm
1, TPC bound to
the silica nanoparticle seems to have only half the extinction
coefficient. This finding is not surprising, as in a nanoparticle
dispersion always half of the surface-bound molecules are in the
“shadow” of the nanoparticle and thus not measurable for the
spectrometer, which results in an apparent lower absorption and
the derived decrease of the apparent molar extinction coefficient.
UVVis and Fluorescence Spectroscopic Studies of TPC-
NPs. Coumarin and its derivatives show two characteristic
absorption bands in their UVvis spectra. Between 310 and
340 nm, an n f π* like transition is observed related to the
carbonyl function. At higher energies there is aπfπ* transition
between 250 and 300 nm which corresponds to the conjugated
π system. Irradiation with 355 nm light mainly results in a
decrease of the absorption between 310 and 340 nm because the
length of the conjugated π system is reduced. Figure 3a shows
the absorption spectra as well as the fluorescence spectra of
TPC-NPs in acetonitrile (0.1 mg 3mL
1). The disappearance of
the absorption band at 320 nm is correlated with a decrease of
the fluorescence emission band at 390 nm, indicating the
photodimerization of coumarin groups. Irradiation with light
of 280 nmwavelength triggers the photocleavage of dicoumarins
and results in an increase of the absorption band at 320 nm and
of the emission band at 390 nm due to the restoration of the
extended conjugated π system (Figure 3b).
The efficiency of the photocleavage is quantified by the single-
photon quantum yield φcleave:
jcleave ¼
ndimer
nphoton
¼ ndimer
Eabs
 Eabs
nphoton
ð1Þ
ndimer represents the number of cleaved coumarin dimers, nphoton
the number of photons absorbed by coumarin dimers, and Eabs
the absorbed energy. The quantum yield for the single-photon
cleavage reaction is limited due to deactivating processes such as
fluorescence or dissipation. Due to the low concentration of
coumarin in the nanoparticle dispersion, not all irradiated energy
is absorbed. The actual energy absorbed (Pabs,280nm) was calcu-
lated to be 2.01  104 W 3 cm2 by
Pabs;280nm ¼ P280nmð1 10A0;280nmÞ ð2Þ
with P280nm being the energy irradiated and A0,280nm being the
absorption at the beginning of the irradiation. The number of
cleaved coumarin dimers per absorbed energy can be calculated
by
ndimer
Eabs
¼ cdimer
Eabs
 VNA ð3Þ
with cdimer being the concentration of cleaved dimers, V the
volume of the probe (2 mL), and NA the Avogadro constant.
Plotting the concentration of cleaved dimers versus the actual
energy absorbed results in a linear increase with cdimer Eabs1 as
the slope of the linear fitting of the data points (Figure 4b).
With (3) ndimer  Eabs1 is calculated to be 2.48  1017
J1 3 cm
2. The number of photons per energy unit results in 9.07
 1017 J1 3 cm2 according to
nphoton
Eabs
¼ λ
chA
ð4Þ
λ represents the wavelength, c the speed of light, h the Planck
constant, and A the irradiated area. Using (1), the quantum yield
of the dimer cleavage is determined to be 0.27, which is an
Figure 2. (a) AFM height profile of a mixture of nonfunctionalized and
TPC-functionalized nanoparticles on a freshly oxidized silicon wafer
surface. (b) Potential image (EFM) of (a).
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average value compared to quantum yields of similar coumarin
derivatives measured in solution.38,39
Figure 5 shows the absorption at 320 nm versus the irradiated
energy at 355 and 280 nm over eight cycles of irradiation for a
solution of 0.1 mg 3mL
1 TPC-NPs in acetonitrile. Surprisingly,
the photoreaction is not completely reversible as observed for
SAMs with coumarin head groups on silicon oxide surfaces.13
After dimerization of 81% of the coumarins attached to the
particle, cleavage with 280 nm results only in a reoccurrence of
55% of the starting absorption of the coumarin groups. To ensure
no loss of coumarin groups due to the high-energy laser pulses,
dimerized TPC-NPs were centrifuged, dried, and analyzed by
TGA, but neither an increase nor any decrease in weight loss was
measured; we therefore conclude that all coumarin groups are
still attached to the nanoparticles.
Comparing the wavelength dependency of the photocleavage
reaction of TPC in solution and immobilized on the nanoparticle
surface (see Figure 6), a quite different behavior emerges. Whereas
TPC molecules dimerized in solution are completely cleaved
under UV irradiation without a sign of any wavelength dependency,
the TPC molecules on the nanoparticle surface show lower and
differing equilibrium levels which are additionally dependent on
the wavelength.
Figure 6a shows the photocleavage of TPC-NPs indicated by
the absorption at 320 nm as a function of energy at different
wavelengths. The initial absorption before dimerization was 0.48,
resulting in 55% cleavage for 280 nm, 64% for 266 nm, and 72%
for 254 nm. This wavelength dependency of photocleavage is
observed neither in diluted solution (Figure 6b) nor on the flat
surface of a SAM, where dimerization has an aligning effect on the
absorbed coumarin groups, resulting in an even higher absorp-
tion at 320 nm after photocleavage. The explanation for this
finding is that on the nanoparticles an equilibrium between
photodimerization and photocleavage occurs. In solution the
re-formation of dimers during photocleavage with UV light is
very unlikely to happen due to the short lifetime of the exited
state; i.e., the photodimerization is kinetically hindered. Attached
to the nanoparticles, coumarins are in closer proximity, and there-
fore, re-formation of dimers occurs effectively and the wavelength-
Figure 3. Absorption and fluorescence spectra of TPC-NPs dispersed
in acetonitrile: (a) photodimerization after consecutive irradiations with
355 nm light with the total energies given; (b) photocleavage after
consecutive light exposures to 280 nm with the total energies given.
Figure 4. Photocleavage of coumarin dimers on SiO2 nanoparticles: (a)
difference spectra of dimerized TPC-NPs dispersed in acetonitrile
during photocleavage with light of 280 nm; (b) determination of the
quantum efficiency from the change in concentration versus the
absorbed energy.
Figure 5. Reversibility of the photodimerization/photocleavage pro-
cess given the absorption at 320 nm versus the irradiated energy at
355 nm (dimerization, squares) and 280 nm (cleavage, triangles). Solid
red lines show second-order numerical fits.
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dependent equilibrium state is observed. The order ofmagnitude for
the forward and the backward reaction rates become the same.
Figure 7 shows the absorption change at 321 nm during photo-
dimerzation and photocleavage versus the applied energy. Both
sets of data points accurately match a second-order exponential
fit. Although this is not readily expected for the photocleavage
reaction, which is known as a classical first-order reaction, the
higher quality of a second-order over a first-order fit is a clear
indication for a change in reaction order. This finding is explained
by the observed wavelength-dependent equilibrium caused by
the superposition of photodimerization and photocleavage,
because both reaction rates, that of the forward reaction and
that of the backward reaction, are of the same order ofmagnitude.
Irradiation of the same sample with the same amount of energy
over seven additional cycles (Figure 5) leads to a further loss of
absorption after photocleavage as well as a higher remaining
absorption after photodimerization, related to an apparent loss of
monomeric coumarin groups. The explanation for the decreasing
photocleavage efficiency is most likely due to photoinduced
cluster formation (compare Figure 1c). Irradiation of these clusters
with 280 nm is increasingly ineffective because the coumarin
cross-links are shielded from irradiation when positioned be-
tween nanoparticles as described in the literature.27 In the literature
also the contribution of irreversible side reactions due to decarbox-
ylation reactions was considered.40 This explanation may not be
excluded as a further contribution to the observed loss in reversi-
bility, because the loss of CO2 in such little amounts is beyond the
detection limit of TGA measurements. The formation of cluster
aggregates is substantiated by DLS measurements which derive an
average size of 65 nm after eight cycles of photodimerization and
photocleavage, about 20 nm or 50% more than after preparation.
’SUMMARY AND CONCLUSION
TPC-NPs have been successfully synthesized, and their photo-
activity can be characterized by absorption spectroscopy and
fluorescence spectroscopy. The photochemical dimerization
and the photochemical cleavage of the formed cyclobutane
rings of molecules attached to the nanoparticle surface were
demonstrated and followed for up to eight cycles. The quan-
tum yield for UV-light-induced cycloreversion was determined
to be 0.27, which is an average value compared to that in the litera-
ture. Surprisingly, a considerable wavelength dependency of
the photocleavage was observed, and the photocleavage process
itself seems to be incomplete. SEM, AFM, and EFM imaging
were employed characterizing the morphology and size distribu-
tion as well as the surface potential of the coumarin-functiona-
lized silica nanoparticles. It was found that, in comparison
to coumarin groups attached to a flat substrate in a monolayer,
the absorption change—indicating the amount of coumarin
dimers in the sample—decreases from cycle to cycle. Two
reasons for this observation were discovered. First, there is a
significant overlapping of photocleavage and photodimerization
with the UV wavelengths used. This causes a wavelength-
dependent equilibrium between the monomeric and dimeric
coumarins. This does not occur in solution in which the
dimerization is kinetically hindered. The second reason identified
is that the nanoparticles form photoinduced clusters by cross-
linking between the nanoparticles. Within the nanoparticle
clusters, the coumarin dimers are inaccessible for UV-light-
induced photocleavage. An increase of the apparent average size
of the nanoparticles in dynamic light scattering by about 50%
supports our findings as well.
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Figure 7. Numerical analysis of the photodimerization and the photo-
cleavage. The data points are best fitted with two second-order fits.
Figure 6. Wavelength dependency of photocleavage of (a) TPC-NPs and
(b) a solution of an isomeric mixture of nonfunctionalized dicoumarin.
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